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ABSTRACT

MODELING, PROCESSING, AND PROPERTIES OF EXFOLIATED
GRAPHITE BASED NANOCOMPOSITES

Name: Debelak, Bryan William

University of Dayton, 2007
Research and Faculty Advisor: Dr. Khalid Lafdi

The field of lamellar nanocomposite materials is a fast growing area of research.

Significant effort is focused on the ability to obtain control of the nanoscale structures via
innovative approaches. This subclass of nanocomposites offers the possibility of

producing well ordered systems with unusual electrical and mechanical properties. Their

properties depend not only on the properties of their individual parents but also on their
morphology and interfacial characteristics. The first effort was focused on understanding
the exfoliation mechanism of the saturated graphite.

A numerical study was performed to further comprehend the growth mechanisms
of gas pockets formed within the graphite structure during the processing of exfoliated
graphite. This model adopts a control-volume-based technique that was implemented to

convert the governing integral equations into algebraic equations that can be solved

numerically. A parametric study was carried out to analyze what mainly influences the

extent of expansion of a single gas pocket. Some of the key parameters that influence the

gas pockets final size include heat flux into the system, and the gas pocket’s initial
geometry. The results of this study have shown that higher gas pocket pressures before
breakaway of the graphite planes during the exfoliation process produce greater
expansions. It was shown that smaller gas pocket volumes produce higher breakaway

pressures, and thus a greater percentage change in initial volume, particularly variations
in the a direction of the geometry of the gas pocket have the greatest effect on volume
change during thermal shock. If the summation of the total volume of gas pockets is the

same throughout a graphite particle, smaller defect sizes rather than larger ones, will
result in greater levels of expansion.

In addition, the multifunctional property enhancement that exfoliated graphite can
provide to polymers was investigated. Exfoliated graphite filled polymers, having three

different particle sizes labeled as small, medium and large flake, were prepared with

exfoliated graphite concentrations from 0.1-20% by weight. After sieving, the particles

were reduced to nanometer size through exfoliation, shear mixing, and ultrasonication,
which further breaks and delaminates them. The electrical, thermal, mechanical and

tribological properties of the nanoparticle filled polymers were measured, in addition to

performing, light, scanning electron, and atomic force microscopy characterizations. The
exfoliated graphite filled polymer material could be tailored to yield a high modulus and

various insulating to conductive properties. Compared with the pure polymer, the
polymers filled with 20% wt. exfoliated graphite have seen a significant reduction in
o
electrical resistivity from 1.5 to 0.5 Ohm-cm. The thermal conductivity for the polymers

containing 20% wt exfoliated graphite has also been drastically improved, increasing
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from 0.2 to 5 W/m-K. The flexural modulus achieved a maximum increase of 3.8 GPa

which is a 60% above the value for the pure polymer (2.4 GPa). In addition, wear
performance strongly depends upon the graphite concentration as well as the size of the
particles in the polymer matrix. As the flake concentrations and size increase, the wear
ultimately decreases.
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CHAPTER I

INTRODUCTION

Composites are engineered materials made from two or more constituent
materials with significantly different physical or chemical properties that remain separate
and distinct within the finished structure. Composites have technically been engineered

for thousands of years, the most primitive engineered composite materials comprised of
straw and mud in the form of bricks for building construction. There are even so-called

natural composites such as bone and wood, both of which are constructed by natural
processes and date back before the dawn of man. The more modern implementations of

engineered composites are paved roadways in the form of either steel and Portland

cement concrete, Mastic asphalt, asphalt concrete, or fiberglass.

Composites are

everywhere around us, even if one does not realize it. They are prevalent in such markets

as sporting goods and transportation industries. They have recently been introduced in
such specialized fields as biomedical science and engineering using carbon-carbon
composites as artificial limbs to mimic the feel and function of natural bone [1], The

aerospace industry utilizes composites to reduce the weight of the aircrafts thereby

improving its range and maneuverability. What makes composites so attractive are their
superior strength-to-weight ratios that can be achieved if properly engineered. It was
found that parts properly engineered and molded of fiberglass could be used frequently to

replace steel and/or aluminum components without any structural compromise, and
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offering a substantial savings in weight. Composites in general typically have additional
advantages over metal and alloy-based structures including lower maintenance
requirements and greater corrosion resistance. Composites also give the designer the
opportunity to design and manipulate the material in order to meet the specified
performance requirements.

The technology of advanced composites was first introduced in the early 1960s,
and the emphasis was on increased performance by means of reducing the structural
weight and simultaneously maintaining or improving a high performance standard;
initially, very little attention was given to low-cost manufacturing. In the United States

over the past twenty years or so, particularly in the aviation and manufacturing industries,

scientists have refined the popular definition of composites to include only non-metallic
filler materials which consist of a fibrous or particle reinforcement of either glass, carbon,

or Kevlar® (other possibilities exist), encapsulated in a hardened (or cured) matrix of any
Significant research, development and

one of several hundred resin systems.

advancements have also been made in the areas of metal matrix and ceramic matrix
composites. Advanced composites, including carbon composites, possess unprecedented

properties which require very novel and innovative processing techniques.
Carbon composite research has made significant advancements in the last forty

years due to international collaborations.

Modern carbon fiber history began in the

1960’s with the work of A. Shindo of the Industrial Research Institute of Osaka. Western

scientists began using carbon fibers as reinforcements later that decade, with the first

commercial grade fiber being produced in England in 1967 [2]. One of the traditional

types of carbon composites that are still being used today is micrometric carbon fibers
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incorporated into various resin matrices. Aerospace composites consist of prepreg, or
fibers impregnated with resin. Layers of prepreg are then aligned and arranged to the

desired form and heated to complete the cure of the resin. The resin facilitates the load

transfer to the reinforcement and protects the filler from detrimental environmental
effects.

The advances made in carbon composite research can mainly be attributed to the

utilization of nanotechnology. Nanotechnology has been rapidly increasing in interest
over recent years. Nanotechnology is now recognized as one of the most promising
avenues of technological advancement for the 21st century, therefore in the materials
industry, the development of new and innovative composites is one of the more rapidly

expanding research areas.

With the ongoing development of composites, and the

innovative research efforts in nanotechnology, combining the two fields, thus creating a
new group of materials called nanocomposites was the unavoidable next step in the
advancement of materials research.

The arrival of the nanoparticle-based materials or nanocomposites has paved the
way for new developments in the field of material science. The true beginning of
nanocomposites was in 1990, when Toyota first used clay/nylon-6 nanocomposites for

Toyota cars in order to produce timing belt covers [3].

The discovery of carbon

nanotubes in 1991, by Iijima has brought about the latest evolution in carbon composites,
transitioning from the micro to the nanometric scale [4].

A single walled carbon

nanotube (SWNT) is a graphene-sheet rolled into a cylinder with axial symmetry. The
mechanical strength of the carbon nanotubes are due to the carbon-carbon double-bond of
graphite; the strongest possible bond occurring in nature [5]. A single-walled carbon
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nanotube that lacks imperfections, serves as the ultimate reinforcing particle with regard
to its strength in the direction of the nanotube axis. Another form of nano tube is multi-

walled nanotube (MWNT), which consists of an inner single-walled nanotube surrounded
by coaxial tubes of increasing diameter. Unfortunately nanotubes, both single and multiwalled, are still very difficult and expensive to manufacture.

Despite their limitations, nanotubes have been widely used in lightweight polymer
nanocomposites to produce high electrical conductivity. Using nanotubes, among other
fillers, has been a popular area of research in recent years [6-9]. Potential applications
include light emitting devices, batteries, electromagnetic shielding, antistatic and

corrosion resistant coatings, and other functional applications [10,11]. Carbon nanotubes
would be an excellent candidate for a filler material, since in addition to the exceptional

mechanical properties, they also possess superior thermal and electrical properties.
However, the shortcomings of nanotubes have caused researchers to pursue others

materials that are easier and less expensive to manufacture. Other fillers that have been

investigated in the past few decades include natural flake graphite, carbon black, and
metal powder. Carbon black filled composites have a very long history especially in the
field of plastics and rubber industries. The idea of utilizing this conducting particle as the

core material of a conducting nanocomposite was first realized by Wampler et al. in 1995

[12].

Natural graphite flakes theoretically had good potential due to their excellent

conducting ability, however the flakes are much larger than their competitors and cannot
provide the same advantages as a nanometric size particle.

To overcome the inherent weaknesses of natural graphite flakes, a new processing
technique was developed to physically alter natural flake graphite into a new form of

4

graphite called exfoliated or expanded graphite. Exfoliated graphite is an attractive filler
material for electrically conductive polymer nanocomposites due to its high electrical
conductivity, and its ability to strengthen a polymer matrix while maintaining its light

weight characteristics [13]. Exfoliated graphite (EG) is a low density, high aspect ratio

material produced by the rapid heating or “thermal shock” of a graphite intercalation
compound (GIC). The GICs are created through the reversible insertion of mobile guest
atoms or molecules into the crystalline structure of the graphite. Upon heating, a GIC has

the unique ability to achieve enormous levels of unidirectional expansion resulting in
nano-sized sheets of graphite. When heated, the intercalated species within the graphite
layers are encouraged to vaporize, thus creating the driving force for expansion.

The

expansion results in the separation of the graphite layers at the nanoscopic level along the

c axis.

The graphite can expand to hundreds of times its initial volume at high

temperatures.

In addition to its applications for conductive polymers, exfoliated graphite
nanocomposites have potential uses in tribological systems where friction and wear are a

major concern. The need for new and innovative tribologically enhanced materials is
evident. Wherever there are surfaces subjected to motion relative to one another, friction

and wear will inherently cause some type of tribological problem. The aerospace and
automotive industries, in particular, are frequently in need of new low-friction and lowwear materials.

The mechanical, environmental and endurance requirements of

aerospace applications are continually exceeding the available lubrication and wearreduction technologies currently available, demanding novel materials and creative

technological advancements.

Any form of tribological mismanagement may involve
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enormous financial losses to an industry, much of which could be saved had the optimal
tribological system been initially implemented. There are power losses, which occur in
machinery because significant amounts of friction. The modem automobile looses nearly

20% of its power by overcoming friction, and a modem jet, wastes approximately 1.5 2% of its power [14]. However, this is not the main contributor to the industry’s financial

losses, with surface damage caused by corrosion, wear, surface fatigue, and thermal
fatigue being the most significant contributor. These friction-induced problems result in

higher labor costs for properly maintaining machinery, replacing any malfunctioning
parts and any other additional losses due to shutdowns when the machines are
temporarily out of service. Tens of billions of dollars a year are spent on remedying

these damages caused by friction.

Improvement of the friction material and better

tribological system designs could severely cut these losses. The addition of exfoliated

graphite into a polymer acts as a lubricant when in motion and can potentially improve
the tribological characteristics in a mechanical part.

The objective of this thesis is focused on exfoliated graphite nanocomposites,

since this material has great potential as a polymer composite additive that can be used in
a vast array of future applications. The processing of the exfoliated graphite material

itself was first researched, including a numerical model to further understand the growth

mechanisms of the gas pockets within the graphite structure during the exfoliation
process. The next objective was to design and fabricate a tribological system in order to

characterize the nanocomposite materials. The system built was a climate tribometer
which can determine a sample’s friction coefficient under a number of possible

environmental conditions.

Physical assembly, electrical wiring, part machining, and
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computer programming were performed in order to properly design and construct the

apparatus.

The next goal was to analyze the mechanical, thermal, electrical, and

tribological effects of the addition of various amounts of exfoliated graphite to an epoxy

resin matrix system. During this study, three kinds of exfoliated graphite-filled polymer
nanocomposites having different particle sizes were prepared. The large, medium and

small flakes, with their respective particles sizes being 50, 100, and 150 mesh had
exfoliated graphite concentrations of 0.1, 0.5, 1, 2, 4, 8, 12, 16, and 20%. The properties

of the nanocomposites were characterized according to four point electrical resistivity
measurements, flash diffusivity, thermomechanical analysis, three-point flexure, dynamic
mechanical analysis, surface area analysis, and wear rate analysis. Scanning electron
microscopy (SEM), atomic force microscopy (AFM), and optical light microscopy were

employed to provide an explanation and further collaborate the experimental data.

7

CHAPTER II

BACKGROUND AND LITERATURE REVIEW

2.1

NANOCOMPOSITES
Nanocomposite materials are systems of distinctly dissimilar components

combined at the nanometer scale to produce a new material with innovative and unique

properties.

For example, polymer nanocomposites can be a mixture of an organic

polymer matrix and nano-scale fillers.

Many different filler materials can be used

including carbon black, carbon nanotubes and carbon fibers, metallic powder,
polyaniline, and graphite flakes. The properties of these composites are derived from
combining the properties of the parent constituents into a single material.

All pure

materials have limited applications due to their inherent properties, and the addition of a
filler material can lead to enhanced properties. Polymeric materials, by themselves, are
limited in application by their naturally low thermal conductivity, low thermal stability,
high electrical resistivity, and ductile mechanical properties. Similarly, ceramic materials

are limited in their instinctively low thermal conductivity, high electrical resistivity, low
toughness and brittle mechanical properties.

Properties that have shown to exhibit

substantial improvements with the addition nanoscale fillers include: mechanical strength

and modulus, decreased permeability to gases, thermal stability, flame retardancy and

reduced smoke emissions, chemical resistance, surface appearance, reduced mass and
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electrical conductivity. These obvious advantages make nanocomposites well suited for
applications in automotive, aerospace, electronics and civil engineering industries.
The nanocomposites used for present day applications are pure materials that have
been modified in some way to optimize the properties for the specific use. Several

approaches have been taken to modify the properties of a pure material. Present day
fiber-reinforced composites constitute the incorporation of a micrometric filler material

into a host matrix. This type of filler material improves mechanical properties, but it
does not improve the chemical properties of the material. Nanometric filler should act as

a modifier to change both the chemical and physical properties. An ideal nanometric
additive should have inherent chemical and physical properties beneficial to the host

matrix.

Periodic Table Group IV elements including carbon, silicon, etc. represent

materials with strong mechanical properties, and high electrical and thermal
conductivities. This is the reason for different carbon based materials being used so

abundantly as a nano-sized filler.
The properties of nanocomposite filler materials not only depend on the properties

of the individual parent materials, but also on their morphology and interfacial

characteristics.

There are three basic predominant shapes among carbon nanofiller

materials: spherical, lamellar, and cylindrical, examples of which are carbon black,

graphite flake, and carbon nanotubes, respectively.

These are all viable choices as

composite fillers, each having their own advantages and disadvantages.

Despite their advantageous characteristics, nanometric fillers do have some
limitations, which can be divided into two main categories.

The first is related to

material production: the current high cost of mass production, the lack of production
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control over the range of resulting material configurations, and the residual impurities
formed during production.

The second is the ability to seamlessly incorporate the

nanometric additive into a host matrix. Nanofillers have a tendency to agglomerate or
cluster together. Incomplete dispersion of the material will form inclusions in the host

matrix and reduce the benefit of the filler. The nanofiller must adhere to the host matrix
and poor adhesion causes the nanofiller to act as a defect in the continuous phase.
Particle-matrix adhesion is governed by the chemical and physical interactions at the

interface. Poor particle-matrix adhesion will cause composite failure at the interface,

resulting in decreased longitudinal and transverse mechanical properties of the overall
composite. Despite the various limitations that nanometric fillers may produce, they are

still of great interest for the current generation’s technological advancements.
2.1.1

TRIBOLOICAL NANOCOMPOSITES
Both liquid and solid lubricants have been researched in attempts to lower friction

in tribological applications.

However, solid lubricant materials seem to exhibit low

coefficients of friction and are preferred over liquid or gas films for various reasons.

Solid lubricant materials create a ‘self-lubricating’ system which needs no external
source of lubricant during its lifetime. This creates obvious savings in maintenance and
lubrication costs. Liquid lubricants have many limitations some of which include only

being able to be used over a limited temperature range; unless they are externally
pressurized, they cannot provide complete surface separation at high loads or low speeds;

they can often not be used in environments where cleanliness is essential; these lubricants
are also prone to attack in hostile environments such as acids and solvents; they cannot

provide permanent lubrication for mechanisms which are inaccessible after assembly, and
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they are degraded by radioactive environments [15]. The basic requirement of any solid
lubricant is exactly the same as that for a liquid lubricant. It should completely separate

two solid surfaces, even under a very high normal load, while allowing the surfaces to
slide over each other under a relatively low shearing force. However, this type of solid

lubrication is a property of a multi-component system, rather than a property of a single
material. Therefore composites would be the ideal material to meet these requirements.

Composites for such an application are usually made up of a strengthening phase and a
friction-reducing phase.

A particularly attractive composite for such applications are the recently
developed polymer matrix composites, which contain the previously mentioned frictionreducing phase. Polymer composite materials are being increasingly used in tribological
applications.

Currently, polymer composites are frequently utilized for sliding elements

in various industrial applications for their exceptional wear resistance. Polymer-based

composites can have all the advantages of solid lubricants listed previously, plus they
have the following additional advantages: they absorb vibrations well and are quiet
during operation; they readily deform to conform to mating parts, so that machining

tolerances and accuracy of alignment are usually less critical than for metal parts; they

are easily formed into complex shapes, by either machining or molding; and they are
more economically efficient. To achieve the properties desired for specific applications,

fillers are incorporated into the basic polymer material. Fillers, which are a particulate

material, are used to improve strength, thermal properties, frictional behavior and to
reduce wear. Solid lubricant particles used for commercial frictional materials include
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graphite flakes, molybdenum disulfide, antimony trisulfide, copper sulfide, calcium
chloride, and polytetrafluoroethylene (PTFE) [16-19],

For this research, graphite will be the particular solid lubricant particles of

interest.

The lubricating effect of graphite flakes has been related to its crystalline

structure. Graphite consists of a lamellar structure. This unique molecular configuration

consists of unit cells which have a hexagonal structure, and the basal plane consists of
strong covalent bonds known at o-bonds. Conversely, the c-axis direction is composed

of much weaker Van der Waals forces caused by 7i-bonds [20]. The interplanar bond
energy is about one tenth to one hundredth of that between atoms within the layers [21].

The motions of these carbon sheets, which are relatively easy to slip over each other,
provide graphite flakes with excellent lubricating ability. Consequently, graphite has a
low friction coefficient.

The addition of graphite flakes should impart the composites with good wear
resistance and anti-friction properties. The role of graphite in the tribological behavior of

composites was described by Zhan et al. [22], as a continuous graphite-rich layer which
was formed on the worn surface of the hybrid composites at low testing loads, which
seems responsible for the improved tribological properties. A thin film is found to cover
the worn surface continuously.

Since it consists of mixtures of materials from the

composite and the counterface as well as the environment, they denote this as a
“mechanically mixed layer” (MML).

Due to the softness and lamellar structure of

graphite, the substructure cavities containing graphite particles tend to deform with the
subsurface matrix, squeezing out the graphite to the wearing surface during the sliding

friction process. The graphite will then smear on the wearing surface, layer by layer, and
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mix the other debris detached from the two surfaces. A mechanical mixing process

occurs due to the motion of the contacting surfaces and results in the formation of a

graphite-rich MML.

The presence of the MML decreases the direct contacting area

between the composite and the counterface, therefore improving the wear resistance of

the composites. A large quantity of graphite in the MML decreases the shear strength of
the near-surface region, reducing the coefficient of friction. Besides the lubricating effect
that a graphite flake has on polymer composites, it also increases the thermal conductivity

of the composite which in turn contributes to the improved wear performance, especially

at high temperatures [23]. As mentioned earlier, an increase in the thermal conductivity

of a material would help to better dissipate the heat away from the contact surface. This
would help avoid the mechanical weakening and thus increase the wear rates that would
be associated with higher surface temperatures.

Although graphite flakes add a desirable lubricating effect to the composite

material, the presence of graphite flakes in a polymer composite, as with any impurity
species, will also disrupt the homogeneity of the polymer matrix. It would seem that the

presence of structurally weak graphitic regions is likely to lead to a necessarily weaker
resin structure, which in turn is likely to be associated with a corresponding decrease in

abrasive wear resistance. Therefore, it can be seen that there are two competing factors
that influence the abrasive wear performance of the graphite modified polymer
composite. Firstly, there is the inherent weakening of the polymer matrix due to the

disruption of the matrix structure caused by the graphite flake, which would tend to

increase the observed abrasive wear rate. Secondly, there is a self-lubricating effect of
the graphite flakes, which tends to decrease the observed wear rate [24], Therefore, the
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proper concentration of graphite flakes needs to be found in order to optimize the effects
of its lubrication abilities while keeping the associated wear to a minimum.

2.2

CARBON NANOPARTICLE REINFORCMENTS

2.2.1

CARBON NANOTUBES
In the mid 1980’s, Smalley and co-workers at Rice University discovered

fullerenes from the soot produced by a discharging arc between carbon electrodes [25].
Since the first report on the formation of carbon nanotubes from the same process by

Iijima in 1991, much attention has been given to the research areas of synthesis and the
properties of these unique nanotubes [4].

As of today, there are a wide variety of

techniques used to manufacture vapor-grown carbon nanotubes.

Primary synthesis

methods utilized to produce single and multi-walled carbon nanotubes include arcdischarge [26, 27], laser ablation [28], chemical vapor deposition (CVD) [29], gas phase-

catalytic chemical vapor deposition [30], and plasma-enhanced chemical vapor
deposition [31] from hydrocarbons.

For the application of carbon nanotubes in

composites, large quantities of these nano-additives must be made available.

Arc

discharge and laser ablation synthesis methods are limited in their production volumes
and are thereby cost prohibitive. During synthesis, impurities in the form of residual

catalyst particles and amorphous carbon also exit the system along with the desired
product. This requires the additional step of cleansing the desired nanotubes from the
impurities. The gas-phase processes tend to produce nanotubes with fewer impurities and

are more conducive to mass production [32]. Therefore gas-phase synthesis techniques
for vapor grown nanotubes and fibers offer the greatest potential solution for large-scale
production issues.
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Carbon nanotubes can be visualized as a sheet of graphite that has been rolled into

a tube and has capped ends. Multi-walled carbon nanotubes are composed of a series of

co-axial single-walled nanotubes. The diameter of a single-walled nanotube is on the
order of a few nanometers (approximately 50,000 times smaller than the width of a
human hair), while they can be up to several millimeters in length. Carbon nanotubes can

be sub-divided into three separate groups based on the symmetry of their structure:
armchair, zigzag, and chiral. The armchair, zigzag, and chiral patterns can be seen in

Figure 2.1. Armchair and zigzag nanotubes are achiral meaning its mirror image can be
superimposed upon itself. Chiral nanotubes are classified by their spiral symmetry and
do not have the same structure as their mirror image. The properties of nanotubes depend
on the atomic arrangement (how the sheets of graphite are ‘rolled’), the diameter and

length of the tubes, and the morphology, or the tube’s nano structure. Many researchers
have reported mechanical properties of carbon nanotubes that are superior to any other
previously existing materials. Although there are varying reports in literature on the

exact properties of carbon nanotubes, theoretical and experimental results have shown
extremely high elastic moduli, greater than 1 TPa (the elastic modulus of diamond is 1.2

TPa) and reported strengths are 10-100 times higher than the strongest steel as a fraction
of the weight [32]. The thermal conductivity of a single-walled carbon nanotube is
approximately that of pure graphite -2000 W/m-K and twice as high as diamond, and

their electrical resistivity is 10'4 S/cm which is 1000 times higher than copper wires [32].
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Figure 2.1 a) Armchair SWNT, b) Zigzag SWNT, c) Chiral SWNT

2.2.2 CARBON BLACK
Carbon blacks are usually referred to as a product of the incomplete combustion

of petroleum products, deposited by contact of the flame to a metallic surface. At high
temperatures, a hydrocarbon can be dissociated with the rupture of C-H bonds. The

carbon thus formed is the first step in the formation of carbon black. Following the

rupture of the C-H bonds, carbon and aromatic radicals react to form a planar lattice of
hexagonal carbon rings.

These “layer planes” then stack together, forming bundles,

several layers thick, called crystallites.

Subsequently, crystallites combine to form

spherical primary particles. These further fuse together forming the primary aggregates,

which are characteristic of carbon black [33]. Figure 2.2 demonstrates this process.
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Figure 2.2 Formation of carbon black

Industriously, carbon black is manufactured by five processes; channel, furnace,
thermal, lampblack, and acetylene. Carbon black is a form of amorphous carbon that has
an extremely high surface area to volume ratio, and as such it is one of the first

nanomaterials to find common use. It is similar to soot, but with a much higher surface
area to volume ratio.

The typical surface area of carbon black is 25-350 m2/g with

particle sizes ranging from 10-500 nm [33, 34]. The structure of carbon black is mainly

crystalline with some amorphous particles blended in. It is often used as a pigment and
reinforcement in rubber and plastic products. It is most commonly a black pigment,

traditionally produced from charring organic materials such as wood or bone. It consists
of pure elemental carbon, and it appears black because it reflects almost no light in the

visible part of the spectrum. Carbon blacks of different sizes have been used in large

amounts (approximately 30,000 tons in Japan in 1982), smaller carbon blacks for tires

and larger ones for wet suits [35]. Carbon blacks have also found there way into polymer
A highly conductive carbon black is the

nanocomposites as a conductive medium.

combined effect of four key properties.

Carbon blacks need to exhibit fine particle

size/high surface area, high structure (highly branched and chained primary aggregates),
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high porosity and low volatile content (fewer chemisorbed oxygen complexes on the

surface) to become highly conductive.
2.2.3 EXFOLIATED GRAPHITE
Graphite is a structure having parallel planes of carbon atoms that form strong

covalent bonds with each other. Perpendicular to the planes, Van der Waals forces are
the present bonding method.

Therefore, the bond strength is much higher in the

crystallographic ab directions than the c direction that is perpendicular to the planes.

This unique feature to graphite accounts for its anisotropic properties, its easy shearing,
and it is therefore the key to the morphology of its particles, i.e., flakes and platelets [36].

This characteristic elucidates as to why inserting atoms and molecules between the

carbon layers is easily achieved. The insertion of a foreign species into the crystalline
structure of graphite forms what is known as a graphite intercalation compound or GIC.

The GIC’s that are formed are layered compounds of periodically arranged intercalated
species in the matrix of the graphite structure. GIC’s are accordingly classified with a
stage index n, representing the number of graphite layers between adjacent intercalate
layers. In a first stage compound, single layers of graphite alternate regularly with single

layers of the intercalated species. In a second or third stage compound, two or three
graphite layers respectively separate two successive layers of intercalate. This index, n,
denotes the extent to which the species are absorbed within the graphite structure.
Graphite intercalation compounds are the precursor materials responsible for the

formation of exfoliated graphite. The inserted foreign species or guests into the host

species of graphite may be a gas or a liquid for example. The reaction that occurs tends

to be reversible in nature. These reactions typically occur at room temperature, and
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intercalation reactions typically involve breaking bonds in the host and formations of new

interactions between the guest and the host. These reactions seem to be initiated at
defects on the host surface [37].

Graphite is easily intercalated due to its weak

interplanar bonding. The reaction with graphite has two possible routes. The graphite

layers can either accept or donate electrons with the intercalated species.

The free

delocalized electron produced from the sp2 hybridization is the means for which this

electron donation is possible. Once the graphite has been intercalated, it is ready to

produce exfoliated graphite with the addition of heat.

The thermal transformation of a GIC will produce the low density, high aspect
ratio exfoliated graphite. The structure of exfoliated graphite is quite different than the

original graphite particles laminate structure. The closely packed and parallel planes are
no longer maintained after expansion. Firstly, the individual planes are dramatically

separated in the crystallographic c direction due to gas bubble expansion. Individual
graphite flakes that have been exfoliated are shown in Figure 2.3. The massive expansion

in the c direction can be seen, as the graphite particles no longer looks like a flake but
rather a worm-like or accordion-like structure. The exfoliation of graphite also tends to
create a honeycomb microstructure due to the bending of planes from single gas bubbles

expanding in isolated areas. The planes are no longer perfectly straight or parallel as in
an ideal graphitic lattice. This unique morphology of exfoliated graphite can be seen by
the scanning electron microscopy image in Figure 2.4.
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Figure 2.3 Exfoliated graphite particles

Figure 2.4 Exfoliated graphite microstructure

The properties of exfoliated graphite can be analyzed from two perspectives. The
properties of a single graphite flake can be examined after it has been expanded. The

new worm-like structure that is obtained after exfoliation has different properties than the
single graphite flake. Furthermore, the properties of a bulk quantity of this material are
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of importance.

Manufacturing of this raw material usually involves some degree of

compaction to fully utilize the exfoliated graphite’s unique properties. This compacted

material has been given the name compressed exfoliated graphite, or CEG. Celzard et al
[36] has studied the behavior of this bulk material’s properties while compacted at

various densities.
The properties of single exfoliated graphite flakes will first be evaluated, then

compressed exfoliated graphite. Due to the nature of this micro-structural change that
occurs, the properties are considerably altered from the initial graphite flake.

The

electrical resistivity of an exfoliated graphite particle in the a direction increases as a
result of the graphite layer bending [37]. After expansion, exfoliated pyrolytic graphite
bisulphate was shown to increase from 5 x 10’5 Qcm to 2 x 10'4 Dcm at 300K and an
expansion fraction of 2.8 [38],

The electrical resistivity in the c direction tends to

decrease due to the newly formed conduction routes made possible from the graphite
layer bending. In the c direction, the exfoliated pyrolytic graphite bisulphate showed a

decrease from 0.22 Qcm to 0.11 Qcm at 300K and an expansion fraction of 2.8 [38].
The different electrical resistivities is due to the change in the micro structure and
will inevitably have an impact on the thermal conductivity as well.

The thermal

conductivity of an exfoliated graphite particle has been shown to decrease in the a
direction as a result of the bending of the graphite layers and the increased phononphonon scattering [37], The exfoliated pyrolytic graphite bisulphate decreased from 13

W/cm-K to 4 W/cm-K after expansion at 300K and with an expansion factor of 3.1 [38].

The thermal conductivity has been shown to also decrease in the c direction due to the

decrease in density that occurs. The exfoliated pyrolytic graphite bisulphate’s thermal
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conductivity dropped from 0.65 W/cm-K to 0.03 W/cm-K at 35OK with an expansion

factor of 3. The ability to be an excellent thermal insulator is a direct result of the
thermal conductivity decrease in both the a and c directions of these graphite particles
after expansion.
The mechanical properties of an exfoliated graphite particle are inherently weak

because of the plane separation and the subsequent breaking of bonds. There have been
no measurements of the mechanical properties reported thus far.

The advantage of expanding graphite outweighs any alterations made in the
properties. Many applications have been investigated for exfoliated graphite. Currently,

most of the practical applications for this exfoliated graphite material involve

compressing the exfoliated graphite to some extent.

Moderately compressing the

exfoliated graphite material, results in highly porous graphite “foams”.

Heavier

compression of the graphite particles leads to the formation of graphite foils. As one

would presume, the physical properties of compressed exfoliated graphite will be directly
related to the density of the bulk material. Celzard et al. [36] reviewed the mechanical,

thermal and electrical properties of compressed exfoliated graphite blocks with various

densities. The block samples were prepared using uniaxial compression of the graphite

particles in a square tube closed at the bottom. Exfoliated graphite has the unique ability
to automatically consolidate under compressive forces. Therefore, there is no need for a
binder material.

Compressing the exfoliated graphite material, leads to a specific

orientation of the graphite layers in the material. As the layers are compressed, they tend

to be forced to lay in the plane perpendicular to the applied stress. Initially, under no

compaction, the bulk material’s properties are fairly isotropic, but as compaction is
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increased the material become more and more anisotropic. The direction perpendicular
to the applied stress can be designated “the a direction”, while c is the orthogonal
direction. These will be the directions of measurement for the physical properties.

The physical properties of compressed exfoliated graphite determined by Celzard
et al. [36] displayed that the properties were direction dependent on the density. The

electrical conductivities for the compressed blocks were measured in both the a and c
directions. From the data, there seemed to be a threshold in which the material no longer
showed signs of isotropy. This threshold seemed to occur at a density of roughly 0.04
g/cm , at which point the electrical conductivity was the same in either direction, ~ 15
S/cm.

After maximum compression to a density of 0.3 g/cm , the electrical

conductivities in the a and c directions were 200 S/cm and 30 S/cm respectively. The

thermal conductivity of compressed exfoliated graphite blocks showed similar trends to
the electrical conductivities. Although, the compressed exfoliated graphite was shown to
be non-conducting before the threshold was reached. This was because only the graphite

planes are conductive and not the pores, therefore, the planes need to achieve a degree of

alignment before the heat conduction route is available. At the threshold density of 0.04
□
g/cm the apparent thermal conductivities for the a and c direction were both 2 W/m-K.

Further compression to a density of 1.3 g/cm produced thermal conductivities in the a

and c directions of 300 W/m-K and 5 W/m-K. Finally, as one might expect, the same
kind dependencies seen from the electrical and thermal conductivities are present in the

elastic moduli of compressed exfoliated graphite. The elastic moduli data seems to show
mostly isotropic behavior until the specific density threshold is achieved. At the density
threshold of 0.04 g/m the elastic moduli in both the a and c directions was 10 MPa.
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Once reaching this threshold, continued compression brought about a more anisotropic
behavior. Compression to the density of 0.28 g/cm induced elastic moduli values of 900

MPa and 45 MPa in the a and c directions respectively.
2.3

COMPOSITE MATRICES

2.3.1

METAL

Metal matrices are one of the promising types of matrix materials for carbon

composites. Typical choices for metal matrix composites typically are either aluminum
or copper. Metal matrix composites have very apparent advantages such as high thermal
and electrical conductivities, as well as strength and dimensional stability at high

temperatures.

Their coefficient of thermal expansion (CTE) is also low and can be

readily tailored for particular applications. However, a number of issues need to be

addressed prior to realizing the full potential of these composites. Aluminum and other
metals in the molten stage tend to react with certain carbon fillers, for example, carbon
fibers. Although the resulting diffusion layer creates a useful chemical bond, it also

degrades the strength of the fiber and considerably reduces its ability to reinforce the
composite. The interface chemistry can be complicated and involves the formation of

preferential grain-boundary attacks by solid solutions, volume misfits, recrystallization,
and the formation of micro cracks and other detrimental phenomena. Graphite may be a
more suitable choice for metal matrix fillers, due to its chemical inertness with respect to

metals. Although, graphite may not be able to achieve the theoretical strength that carbon

fibers could potentially provide. Some fabrication techniques that are employed to create
metal matrix composites include diffusion coating and electroplating, and may be

followed by hot pressing or liquid-metal infiltration. Significant progress is being made
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in this classification of composites and some applications are reaching the commercial

stage.

Most applications are found where high thermal conductivity and increased

stiffness are required such as heat-radiating fins in space systems, rocket-thrust chambers
in the main engine of space shuttles, heat-exchanger components for hypersonic vehicles,

and heat-sink plates for high-density electronic packaging.
2.3.2

CERAMICS

The intrinsic property flaws of ceramics originate from their brittleness. For
example, most metals have a fracture toughness forty times greater than conventional

ceramics and glasses. The brittleness can be described on the atomic level, by the strong
hybrid-ionic-covalent bonds of ceramics. These strong bonds prevent play in the material

as do the ductile nature of metals. Any stresses applied to a ceramic system tend to
concentrate at the sites of flaws, voids, chemical impurities, grain interfaces, and all of
these result in catastrophic brittle failure. The main purpose of making composites out of

ceramics with nanoparticle additives is to give them toughness and to avoid the
catastrophic breaking.

To produce a composite from a combination of carbon and

ceramics, chemical and physical compatibility between these two components are the

most important factors to be controlled. Most ceramics crystallize as high as 1600-

1800°C and, as a consequence, the composites have to have a thermal history up to these
temperatures [35]. At these elevated temperatures, chemical interactions between carbon

and ceramics are very important in order to achieve the required properties. Physical

compatibility between carbon fillers and ceramic matrix also has to be taken into
consideration. Stress may accumulate at the boundary between these two components

due to the difference in their thermal expansion during the cooling process from high
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preparation temperatures. To prepare the composites, the formation of cracks due to

these stresses has to be avoided, but the accumulation of a certain amount of these
stresses may actually help the reinforcement of the composites. Matching a carbon filler
with a ceramic matrix that has a similar thermal expansion coefficient would be a

preferable choice. The applications of carbon-fiber, ceramic-matrix composites are still

essentially in the developmental stage and many fabrication problems must be solved

before the full potential of these materials can be realized. Carbon fiber and cement
composites are starting to be utilized on a modest scale in Japan for applications such as
wall- and floor-panels, foot bridges, and other architectural components.

Niobium

Nitride thin films are sprayed onto carbon fibers by vapor deposition for applications

such as high-energy lasers, particle-beam weapons, and electromagnetic guns.
2.3.3 CARBON-CARBON

Carbon-carbon refers to a composite usually comprised of a carbon based
reinforcement and a carbon matrix, in other words an all-carbon material. Carbon fibers

are the most common reinforcement material currently used. Carbon-carbon composites
are made by gradually building up a carbon matrix on a fiber preform through a series of
impregnation and pyrolysis steps or through chemical vapor deposition. This allows

carbon-carbon composites to be very workable, and can be formed into complex shapes.
These composites also display truly unique properties, among them the most important

class of properties of carbon-carbon composites is their thermal properties.

These

composites have very low thermal expansion coefficients, making them dimensionally
stable at a wide range of temperatures, and they also have high thermal conductivity.
They retain mechanical properties at temperatures as high as 2000°C (in non-oxidizing
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atmospheres) [39]. Carbon-carbon composites are also highly resistant to thermal shock,

or fracture due to rapid and extreme temperature changes. Generally, the elastic modulus
is very high, from 15-20 GPa, for composites made with a 3D fiber felt, to 150-200 GPa

for those made with unidirectional fiber sheets [39].

Other properties include low-

weight, high abrasion resistance, high electrical conductivity, non-brittle failure, and

chemical corrosion resistance. These properties allow carbon-carbon composites to be a
well suited material for the aerospace industries. Carbon-carbon was first developed in

the 1960’s in various programs sponsored by the United States Air Force [40]. The

largest application for carbon-carbon is its use in aircraft brakes. Carbon-carbon brakes
offer a lifelong, lightweight alternative to steel brakes. A good example is the weight

savings on the Boeing 767 is 395 kg with double the number of landings per overhaul

[34], Since the coefficient of friction remains constant with temperature, the brakes do
not fade. Carbon-carbon is now a major structural material, not only in the aerospace
industry, but also in many non-military applications.

One of carbon-carbon’s major

limitations thus far is its poor oxidation resistance. They oxidize readily at temperatures
between 600-700°C. Typically, a protective coating must be added in order to protect it

against high-temperature oxidation. This adds an additional manufacturing step to the

process and thus increases the cost. Due to the long and involved processing, the cost of
carbon-carbon composites is still very high.

2.3.4 POLYMER

Polymeric composites are becoming the most commonly used matrices in
advanced composites. A number of polymers are suitable matrix materials, each with its
own advantages and disadvantages. Thermoplastics and thermosets are the two types of
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polymers that can be used. Thermoplastics are hard and rigid at low temperatures and
become fluid and viscous as their decomposition temperature is approached. They can be

deformed under the influence of pressure and temperature and set into form until the
temperature is decreased below the melting point.

This characteristic can be

advantageous over some thermoset composites which are more brittle and can be
delaminated with minimal force. In the case of damage, thermoplastics can be reformed
following such damages negating the need for a replacement component. Thermoplastics

have high impact strength and fracture resistance. This strength is derived from their
inherent structure involving entangled chains and crystalline domains. Thermosets are
polymer materials that cure, through the addition of energy, to a stronger form. The

energy may be in the form of heat through a chemical reaction (two-part epoxy, for
example), or irradiation. The curing process transforms the resin into a plastic or rubber
by a cross-linking process. Once a thermoset material is formed, it cannot be melted and

reshaped after it is cured. Thermoset materials are generally stronger and more brittle

than thermoplastic materials due to this 3-D network of bonds, and are also better suited
for high-temperature applications up to the decomposition temperature of the material.
Since thermosets can not be melted and remolded, they do not lend themselves to

recycling like thermoplastics.

Compared to metals, thermosets and thermoplastic polymers by themselves do not
have very impressive physical properties including their moduli, electrical, and thermal

conductivities, however they are lightweight and easy to manufacture.

Carbon fiber

bundles have been used as polymer fillers in order to substantially increase the modulus,

and strength. In fact, pre-impregnated fiber performs (pre-pregs), consisting of carbon
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fiber fabrics impregnated with a polymer matrix, are widely used in the aerospace and
sporting goods industries. They have even been shown interest in applications where

high electrical conductivity is needed, including electro-magnetic-interface shielding.
One disadvantage of carbon fiber prepreg composites is the extra processing steps that

they require. Polymer composites filled with carbon nanoparticles, such as nanotubes or
exfoliated graphite, can be very attractive because they introduce properties that are not
present in the original material’s properties, without having to sacrifice the resin’s

inherent processibility and mechanical properties, or by adding excessive weight. In
particular, the nanoparticles tend to drastically enhance the electrical and thermal

conductivity of the host material. This method is much more efficient because all the
processing methods and conditions can stay the same; all that is being done is adding a

new material during processing.

The ease of processing coupled with the enhanced

properties of polymer composites has forced the realization of this unique material’s
potential applications.

2.4

CARBON NANOCOMPOSITES

2.4.1

CARBON NANOTUBE COMPOSITES
Even though there has been experimental variability in the direct characterization

of carbon nanotubes, theoretical and experimental observations reveal their exceptional
properties.

As a consequence, there has been recent interest in the development of

nanotube-based composites. Although most research has focused on the development of
nanotube-based polymer composites, attempts have been made to develop metal and
ceramic-matrix composites with nanotube reinforcements.
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One of the commonly used methods for preparing nanotube-based polymer

composites has involved mixing nanotube dispersions with solutions of the polymer and
then evaporating the solvents in a controlled fashion. Nanotubes are often pretreated

chemically to facilitate solubilization. Shaffer et al. demonstrated that acid treatments to

MWNTs would produce stable aqueous solutions, and showed that nanotube/PVA

(polyvinyl alcohol) composites could be prepared simply by mixing one of these aqueous
nanotube dispersions with an aqueous solution of the polymer and then casting the
mixtures as films and evaporating the water [41,42]. Qian et al. used a high energy
ultrasonic probe to disperse MWNTs in toluene and then mixed the dispersed suspension

with dilute solution of polystyrene in toluene, again, with ultrasonic agitation [43]. The
solution mixing approach is limited to polymers that freely dissolve in common solvents.
An alternative is to use thermoplastics, and then apply melt processing techniques. Shear

mixing can be used to produce a homogeneous dispersion of nanotubes and extrusion to

produce nanotube alignment.

Another method for preparing nanotube/polymer

composites is to use a monomer rather than a polymer as a starting material, and then

carry out in situ polymerization. Cochet et al. were among the first to use this method,
preparing MWNT/polyaniline composites [44],
Even though there have been many different methods to prepare carbon nanotube

composites, the majority of carbon nanocomposite research has addressed improving the
mechanical properties of neat resin systems due to the stiffness and strength of the
nanotubes. Shaffer and Windle were among the first to carry out a systematic study of

the mechanical properties of carbon nanotube/polyvinyl-alcohol [42]. The tensile elastic

moduli of these composite films were determined using a dynamic mechanical thermal
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analyzer as a function of nanotube loading and temperature. An elastic modulus of 150

MPa was obtained from the room temperature experimental data, which is well below the

values reported for isolated nanotubes. This lower value may have more to do with poor

stress transfer than the weakness of the nanotubes themselves.

Qian et al. studied

nanotube/polystyrene composites and found that with an addition of 1 wt% nanotubes,
they could achieve a 36 and 42% increase in elastic stiffness of the polymer for short and

long tubes respectively [43,45]. There was a 25% increase in the tensile strength for both
cases. The micro-mechanical characterization of these types of composites is difficult

because the distribution of the nanotubes is random. To remedy this, attempts have been

made to align nanotubes in order to better clarify the reinforcement mechanisms. Jin et
al. showed that aligned nanotube composites could be obtained by mechanical stretching
of the composite [46].
Besides the mechanical properties, the effect of adding nanotubes to enhance the

electrical properties of polymers has been studied by many groups.

In many cases,

improved mechanical properties have been a valuable by-product of the inclusion of
nanotubes.

The addition of nanotubes to a low cost polymer to create electrical

conductivity is considered first. In order for a conductive network to be formed there

must be a critical level of filler loading which dramatically decreases the electrical
resistivity. This level of filler loading is deemed the percolation threshold. Allaoui et al.

studied the effects that loading nanotubes into an epoxy resin had on the electrical
properties of the composite [47]. The investigation of the nanocomposites properties

revealed the existence of a percolation threshold between 0.5 and 1 wt%. Below one
percent of nanotube loading the nanocomposite exhibited properties very similar to that
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of the resin matrix, acting as an insulator. Higher loading levels turn the nanocomposites
into conductors, reaching a maximum conductance of 0.06 S/cm at 4 wt%. Any higher
loading of nanotubes created a saturation phenomenon and higher conductivities could

not be achieved.
Uniform dispersion within the polymer matrix as well as nanotube/matrix wetting

and adhesion are critical issues that need to be improved during the processing of these
nanocomposites before any significant advances in the properties are achieved. Salvetat
et al. found that slipping of nanotubes when they are assembled in ropes significantly

affects the elastic properties [48]. In addition to slipping of the nanotubes that are not
properly bonded to the matrix in a composite, the aggregates of nanotube ropes

effectively reduce the aspect ratio of the reinforcement.

To take advantage of the

exceptional stiffness, strength, and resilience of carbon nanotubes, strong interfacial
bonding is critical.
2.4.2

CARBON BLACK NANOCOMPOSITES

Carbon black has been widely used as an electrically conductive additive because
it is easily processed, it is inexpensive compared to other alternatives, and it can also
provide a reinforcing effect on polymer raw materials.

The idea of utilizing this

conducting particle as a filler material for conductive nanocomposites was introduced by

Wampler et al [12].. Typical elastomer blends consist of incompatible elastomer pairs
that can be very useful in achieving a high level of conductivity because of their welldefined interface.

Accumulation of carbon black at the interface has the effect of

increasing the number of contact points or decreasing the gap width, thus increasing the
conductive routes available.
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Processing of carbon black filled composites is typically very similar. First, the
rubber or polymer is usually blended or mixed with some set amount of carbon black.

Then the mixture is heated and pressured curing the mixture [49,50]. The effect of
carbon black loading into polymers has seen similar trends that carbon nanotubes
provide. When the quantity of the filler is low, the resistivity of the composites is only
slightly different from the raw polymer. However, beyond a certain critical filler loading,

a significant drop in resistivity is observed. In this region a relatively small increase in
loading produced a large increase in conductivity. After further increase in carbon black,
a saturation effect occurs and further increase in loading will have little effect on

resistivity. Sau et al. filled three insulative rubber systems: NBR, EPDM, and their 50/50

(weight ratio) blend with conductive carbon black [49].

Each composite showed a

percolation threshold for conductivity at about 25phr carbon black and reached a

saturation at around 60 phr.

The decrease in resistivity ranged from 7-15 orders of

magnitude. The minimum resistivity obtained was 102 Q-cm. Knite et al. had similar

results [50]. They combined an extra conductive carbon black with polyisopropene to
form conductive nanocomposites. The percolation threshold was achieved at just 8 wt%

of carbon black. The samples before 8 wt% of carbon black were practically insulators,
while those with 12 wt% of carbon black were good conductors.

The minimum

resistivity of 10° Q-cm was produced with 20 wt% of carbon black.

The highest volume use of carbon black due to the properties and nature of the

material is for reinforcing filler in rubber products, particularly tires. While a pure gum
vulcanizate of styrene-butadiene rubber has a tensile strength of no more than 2.5 MPa,

and almost nonexistent abrasion resistance, compounding 50% of its weight of carbon
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black improves its tensile strength by 4-10 times depending on the type of carbon black

used [51].
2.5

EXFOLIATED GRAPHITE

2.5.1

PROCESSING
Currently, the most widely used method of exfoliating graphite involves

intercalating acceptor-type graphite with a strong, oxidizing species followed by heating
[52,53]. Typically, graphite is soaked for extended periods of time in the intercalating
species.

Over time the intercalating species penetrates within the layers of graphite

caused by the chemical reaction between the guest species and the graphite. Depending
on the heating conditions and the duration of interaction, both the first stage as well as the

higher stages can be obtained.

This chemical intercalation can support either wet or dry intercalating species.
There are many possible candidates that could be used in the wet intercalation process.

According to Inagaki et al. [54], alkali metals are well known to form graphite

intercalation compounds. Viculis et al. [13] examined the intercalation and exfoliation

routes of graphite nanoflakes which have been synthesized by the intercalation of
potassium, an alkali metal. They synthesized a first stage compound, KCs, by adding a
stoichiometric amount of potassium to the graphite lattice in a glass container. The
reactant filled tube was evacuated and sealed. The graphite and potassium mixture was

heated and agitated for a length of time until a homogeneous mixture of the molten
potassium and graphite powder formed.

They also experimented with the same

procedure but instead used cesium as the intercalating species. Graphite intercalation

compounds as precursors for exfoliated graphite have been studied by using other various
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intercalates, such as sulfuric acid [55,56], ferric chloride [37,57], formic acid [58], etc.

The most frequently used species for the wet process is a mixture of sulfuric acid with an
oxidizing agent such as nitric acid, potassium chromate, potassium permanganate,
hydrogen peroxide etc.

The wet process, however, produces a discharge of a large quantity of acid waste

which is undesirable in the post-processing phase [59].

These strong acids are

troublesome because of their strongly corrosive properties. As a result, the dry process

was introduced to eliminate the problem of acid waste generation. Lee [59] suggested a
dry process with the direct reaction of flake graphite with SO3 gas. The gas was fed
through a reactor filled with graphite particles under atmospheric conditions. The SO3

molecules can be intercalated into the graphite planes to attack directly the delocalized
pi-electron because it is an excellent oxidizing agent.

The expansion ratios of the

exfoliated graphite were considerably high, between 220 and 400 times the original
graphite flake.

Only limited research has been conducted using SO3 gas as the

intercalation oxidizer despite its promising potential.

Another method is commonly used to prepare graphite intercalation compounds,

in which they are synthesized electrochemically.

The diffusion of the intercalating

species into the graphite matrix is assisted by an electric current.

The quantity of

intercalates in the resultant graphite intercalation compounds structure can be controlled
by changing the electricity consumption during electrolysis. Kang et al. [60] concluded

that varying the electricity consumption during electrolysis has a strong influence on

many of the exfoliated graphite characteristics. The characteristics affected included the
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exfoliation volume, volatile content, specific surface area and pore volume, and length

and width of the worm-like particles.
Once the graphite intercalation method has been selected and used, a method to
induce expansion needs to be selected. The most widely used heating source to induce
expansion has been the flame.

The flame provides rapid heating, which can reach

temperatures from 700 - 1200°C [37]. The flame can be located in a furnace which may
be lined with SiO2-Al2O3 materials to increase the service life. Expansion has also been

successfully observed from a single flake on a hot-plate at 300°C [61], Resistance and
induction heating methods have also been implemented. The most recent methods to

have been suggested include infrared, microwave, and laser heating [37]. Tryba et al.

[62] recently completed work on the preparation of exfoliated graphite by microwave
irradiation.

Exfoliation from microwave irradiation was shown to be an interesting

process because it can be performed at room temperature in a short time with less energy
consumption than flame heating methods. The main disadvantage to this process is that
the exfoliation occurs preferentially on the surface of the lump of the precursor. Other

methods to induce exfoliation are also available.

Exfoliation may be accomplished

through internal heating. Chung et al. [63] demonstrated this method by passing an
electric current through the intercalated graphite’s crystallographic c axis of graphite-

bromine based on highly oriented pyrolytic graphite (HOPG).
The graphite intercalation compound that has been produced from the methods
described earlier has to undergo one more step before it is ready to be exfoliated. This

last step involves the acquiring of a pore compound called a ‘complex’ produced by the
thorough washing of the initial compound (first or second stage) in water. This material
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is termed a ‘complex’ or more notably ‘expandable graphite’ which contains a mixture of

stages from 10 to 25 [36]. As of this point in the procedure it is important to control the

quality of the complex based on two essential criteria: chemical purity and homogeneity
[64]. The first criteria can be coupled with the mineral content contained within the
starting graphite and will depend on the purification technique used at the extraction site.

The latter criteria will depend on the washing conditions just mentioned.

These

conditions are important to control in order to avoid complete desorption of the

intercalate species within the small graphite particles. After completion of this step, the
compound is now be; ready to be expanded. Exfoliation is the process through which the

individual layers are; divided in a fairly regular manner. This separation is enough to
break any interplanar interactions caused by the Van der Waals bonding. Heating the

graphite intercalation compound produced, stimulates the vaporization of the residual

intercalated species and water molecules inserted into the graphite lattice. Pressure will
build up, from heating, in the pockets where the species have accumulated. Once the

pressure within the pockets overcomes the interplanar bonding force, the layers will be

free to break apart, bringing about a large expansion of the graphite lattice along the
crystallographic c axis. This is why one must go well above the boiling point of the free

intercalate to attain such a pressure [64].
The unique phenomenon that occurs during the exfoliation process has been
studied by many people. The reversible thermal expansion behavior of pyrolytic graphite

was first introduced by Martin and Brocklehurst [65]. They experimented with graphite-

bromine intercalation compounds. The reversible expansion was observed to take place

at relatively low temperatures and intercalate concentration. This allowed for a controlled
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reversible expansion upon heating.

They observed a cyclic pattern of heating and

collapse was attainable. Upon heating the graphite-bromine specimens, they reported a

first expansion to occur at ~170°C. After this initial expansion, cooling leads to the
collapse of the newly formed structure. Heating this collapsed structure back up to

~120°C will cause subsequent expansion cycles from this point forward.

These

expansion cycles, however, are not considered to be completely reversible. There is a
small permanent amount of expansion that remains in some specimens.
As opposed to reversible transformations, irreversible thermal transformations

were first observed by the work of Lee [61], For the expansion of graphite intercalation
compounds to be an irreversible process, higher temperatures and higher concentrations
are required. Because of the higher temperatures being applied, higher expansion rates of
the graphite are obtained through this process. Irreversible expansions, as high as 300

times, can be commonly found in production utilizing this method [37].
2.5.2

NUMERICAL SIMULATION OF EXFOLIATION PROCESS

There have been quite a few proposed mechanisms for expansion of graphite
intercalation compounds [38,65-69].

Despite the amount of research relating to

exfoliated graphite, there has not yet been extensive work performed on the modeling of
pore growth during exfoliated graphite processing. The two most sophisticated models

were proposed by Martin and Brocklehurst [65] and Mysyk et al. [66]. Martin and
Brocklehurst proposed a model to explain the breakaway expansion and the effect of

externally applied stress on the thermal expansion behavior of graphite-bromine residue
compounds. This model is significant because it provides the minimum force for which

the graphite layers will begin to break apart.
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It goes on to relate this force to the

equivalent pressure within the gas bubble that could break apart adjacent graphite layers.
This model also uses experimental data to extrapolate values for the radius at the

breakaway of the bubble parallel to the planes, the pressure at breakaway, and the number
of molecules in the bubble. However, this model is somewhat limited for a number of
reasons.

It assumes ID expansion, even though realistically the expansion of a gas

pocket would take place in all three dimensions. Also, the bubble radius perpendicular to
the planes is assumed to be restricted by the average distance separating two planes (7.05
A), even though the bubble may be a number of different shapes and sizes depending

upon whether defects are present within the lattice.

The scope of information from this

model is limited to the effect of externally applied stress on the breakaway temperature.

Mysyk et al. introduced a technique that allows the mass and volume of GIC’s to
be simultaneously followed during the thermal transformation into expanded graphite.
This enabled them to elucidate the mechanism for thermal expansion of GIC’s and

formulate a quantitative model for that process. Advantages of this model are that it
adapts previous models to the third dimension. This model is also significant because it

predicts the mass and volume loss as a function of temperature. This model, like its

predecessors, has its shortcomings. First of all, the pressure inside the gas bubble is only
approximated by the Griffith crack. The model also only predicts results for one specific
case, and no parametric study is performed to optimize the effects on growth.
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2.6

EXFOLIATED GRAPHITE NANOCOMPOSITES

2.6.1 PROCESSING
The properties of graphite nanocomposite materials are dependent on the
dispersion of nanofillers in the polymer matrix. Depending on the polymer/graphite
miscibility, nanocomposites can be divided into three idealized types: “phase separated

nanocomposites” in which the nano-fillers are not dispersed and agglomerates in
micrometer-size stacks behave as effective inorganic fillers. In this form, the material

produces what can be considered a microcomposite or a conventional composite as we
know rather than a nanocomposite; “intercalated nanocomposites” in which nanometer-

thin polymer films are inserted in-between the individual graphite platelets, while
maintaining the parallel-stacked graphite order; and “exfoliated nanocomposites” in

which the nanometer-thin graphite layers are dispersed throughout the polymer matrix
homogeneously with no marked memory of their previous parallel order (delaminated

nanocomposites). The three forms are shown schematically in Figure 2.5. Of the three,
polymer/graphite nanocomposites show significant property improvement when the
exfoliated micro structure if produced.
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Figure 2.5 The three forms that polymer/graphite composites can achieve

Using various methods, polymer/graphite nanocomposites with good electrical

conductivity and high thermal storage properties have been prepared recently. The first
method is through the preparation of graphite oxide by the oxidation of natural graphite

[70,71]. Graphite oxide has a significant amount of polar groups, such as hydroxyl, ether

groups, and possibly, carboxylate groups on the surfaces of the graphite planes, therefore
intercalation of certain water-soluble polymers into the layers of graphite oxide becomes

feasible. The graphite oxide particles can be simply combined with an aqueous solution

of polymers, forming intercalated polymer/graphite oxide composites with various c-axis
spacing.

In recent years, several publications have documented similar methods for

creating

this

type

alcohol)/graphite

of polymer/graphite

oxide

[6],

nanocomposites

poly(ethylene

including

oxide)/graphite

poly(diallyldimethyl ammonium chloride)/graphite oxide

poly(vinyl

oxide

[8,9],

[72], and poly(furfuryl

alcohol)/graphite oxide) [73]. A similar preparation method was performed by Fawn et

al. using potassium graphite (KCg) rather than the conventional graphite oxide [74].
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Though these methods are all innovative, they are only capable of producing
“intercalated nanocomposites” which has been proven to be a major limitation.

A more effective method for preparing polymer/graphite nanocomposites would
be to first intercalate graphite with a material such as sulfuric acid, creating a GIC.
Rapidly heating this GIC to high temperatures will vaporize the sulfuric acid molecules
causing the graphite layers to expand in the crystallographic c direction.

Many

possibilities for heating are available but Du et al. showed that, compared with the

conventional heating method; exfoliated graphite with larger volume exfoliation ratio and
less sulfur residue can be obtained using microwave irradiation [75]. The newly formed

expanded graphite (EG) has a high expansion ratio, generally ranging from 200 to 300

times in the c-axis. Through micro structural investigation, the thickness of the expanded
graphite sheets was found to be 100-400nm.

These sheets have been found to be

composed of many thinner lamellae (nanosheets) with their thickness ranging from 10 to
40 nm [76]. This new material can be easily filled with, for example, e-caprolactam and

/?-aminocaproic acid through physical adsorption because of the porous features produced
by expanding graphite and the polar interactions between the monomers and the polar

groups on the EG layers [7]. Once the expanded graphite is filled with the monomers, in

situ polymerization can be carried out under heat to form a polymer/EG nanocomposite.
This method is capable of producing the desirable “exfoliated nanocomposites”. The in

situ polymerization phenomenon is shown schematically in Figure 2.6. There are other

methods of preparation for polymer/expanded graphite composites that result in good

physical, chemical and mechanical properties.

Though, none have shown as much

potential as the in situ polymerization of a polymer and expanded graphite.
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Figure 2.6 Schematic diagram of structure change during in situ polymerization

It should be emphasized that the size, aspect ratio, and degree of dispersion of the
graphite nanoparticles for the composite materials having the same composition, but

prepared through different methods, (such as epoxy/EG), are drastically dependent on
two factors associated with the preparation method used. The first one is the extent of
shearing exerted on the material, which is due to the fact that although expanded graphite

itself can endure large compressive stress, it is ready to be fragmented in the course of

shearing. The second factor is the filled degree of polymer in the EG particles, because
the EG particles internally supported by polymers can boost the resistance to break up.
This implies that as the amount of polymers intercalated into the EG interior increases,

the structural regularity of the polymer/EG composite network within the individual EG

particles as well as their sizes and aspect ratios gradually rise.
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2.6.2 ELECTRICAL PROPERTIES
Natural flake graphite is a very good electrical conductor with an electrical

conductivity of 104 S/cm at room temperature and is naturally abundant [76]. Although,

it should be noted that polymer/exfoliated graphite nanocomposites should show
significantly lower electrical conductivities than that of natural graphite. This lower
electrical performance of the polymer/expanded graphite nanocomposites can be a result
of the graphite processing.

The expansion and exfoliation process that graphite

undergoes inevitably disrupts the parallel layers of graphite, damaging the structural

integrity and main conduction mechanism.

The electrical performance may also be

hindered by the polymer thin film on the conducting backbone of graphite which would
suggest that coalescence and direct interparticle contact of expanded graphite may be

blocked. Despite this loss of electrical conductivity of graphite in polymeric composites,

the addition of expanded graphite into the matrix still increases the polymers electrical
conductivity magnitudes of order, transitioning the polymer from an electrical insulator to
an electrical semi-conductor.

Recent publications that have studied epoxy/EG nanocomposites have reported
percolation thresholds from 0.75 to 2 wt% and maximum electrical conductivities

between 10'4 S/cm to 0.5 S/cm [7,76-78]. The extent of electrical conductivity achieved
in a polymer/EG nanocomposites can be affected by a number of different mechanisms.

The percolation threshold for the electrical conductivity has a high dependence on the

geometry of the conducting filler, for instance the aspect ratio. The geometries for the
available composite filler materials available today can vary greatly from low aspect ratio
spheres or ellipsoids like carbon black, to high aspect ratio sheets like those found in
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expanded graphite. For given filler contents, the percolation threshold is lower for a

sheet-like structure than for spherical particles. The higher the aspect ratio, the lower the
percolation threshold necessary for forming a conducting network. Also, the simple fact

that nanocomposite fillers have a much smaller dimension than those in conventional

composites allows for the percolation threshold of nanocomposites to be much smaller
than conventional composites [7]. This advantage in forming a conducting network can

be explained by the excluded volume theory [79,80], The excluded volume of an object

is defined as a volume around an object into which the center of another similar object is

not allowed if overlapping of the two objects is to be avoided. The larger the aspect ratio
of the filler particle, the larger its excluded volume will be. The larger the excluded

volume is, the lower the percolation threshold is.
The augmentation of the electrical conductivity can also be attributed to the

nanoscale dispersion of the graphite nanosheets in the polymer matrix in order for the
formation of the conducting network.

The conductive network is formed by the

conducting paths arising from the adjacency or contacts of the graphite filler particles.

Depending on the processing conditions, graphite dispersion can vary. In the ideal case,
the graphite disperses completely homogeneously within the matrix, though; in most case
this is not always attainable. There may be agglomerates of graphite particles in certain
regions depending on the degree of exfoliation. When the graphite content is low, the

probability for un-exfoliated graphite to be in contact is small. However, when the

graphite is extensively exfoliated into nanoscale layers, the number and the aspect ratio of
the graphite sheets are greatly increased. Thus the probability of forming a conducting
network is also greatly increased. If the graphite layers coalesce with one another, than
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there will be a waist of contact. This contact could have been used to enhance the

conducting network.
2.6.3 MECHANICAL PROPERTIES
Generally, as the graphite loading in polymeric composites increases, the

electrical conductivity will also increase, however, such high loading levels can typically
lead to poor mechanical properties and high density of the materials [77]. For some

composites, the monomers and polymers might not be able to diffuse into the closed
cavities inside the exfoliated graphite. Therefore, the graphite sheets around cavities tend
to overlap each other and form accumulation during processing.

The aggregates of

graphite sheets may result in the poor mechanical properties of the nanocomposites [81].
It is also believed that the unimpressive stiffness improvement provided by the graphite
filler may be attributed to a poor filler-matrix interface, which prohibits an effective load
transfer from the matrix to the filler [78].

There has been limited testing to determine the relation between mechanical
properties and graphite loading levels, though, through the publications already available,

a similar trend seems to be evident. The flexural modulus seems to increase slightly with
increasing graphite levels, while the strength tends to drop off with the addition of the
graphite filler. The flexural strength has been reported to have decreased from 3% to

175% with the addition of graphite filler into a polymer [7,77,82]. This may be due to

the poor mechanical strength of the graphite layers. The flexural modulus has been
reported to have fluctuated from a 20% decrease to a 79% increase [7,77,82], J. Li et al.
reported the 20% decrease in modulus and 175% decrease in strength, though the

preparation methods used incorporated a shorter sonication time, thus leaving bundles of
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poorly exfoliated groups of graphite. This fact would contribute to the lower strength and
modulus because cracks can easily initiate and propagate through the area where there is
virtually no bond with the polymer matrix. Typically, if the expanded graphite is well

dispersed throughout the matrix, a rise in the flexural modulus should be prevalent.
2.6.4 TRIBOLOGICAL PROPERTIES
There have been several attempts to use graphite flakes for a solid lubricant

material within polymer composites. Cenna et al. fabricated epoxy/graphite composite
samples for the wear tests using 5, 10, 15, 20, 25, and 30 volume % graphite flake [24].

A bin and hopper arrangement was used to deliver the abrasive ignimbrite particles onto a
conveyor belt and under the test specimen and carrier. A pressure of 5.4 kPa and speed
of 0.55 m/s was applied to the samples. The results exhibit a systematic variation of the
equilibrium wear rate as a function of increasing graphite volume fraction. The effect of

graphite flake can be considered to occur in three distinct concentration regimes. In the
first regime, increasing the volume fraction from 0-10% results in an immediate increase

in the measured wear rate compared to that of pure resin. The presence of graphite at
these concentrations has a detrimental effect upon the abrasive wear resistance of the
resin matrix. In the second regime, from 10-20 volume % of graphite, the wear rate of
the composites systematically decreases, reaching a minimum wear rate (at 20 volume %)

that is lower than the wear rate of the pure resin. In the last regime, increasing the
concentration of graphite embedded in the resin matrix beyond 20 volume %, leads to a

corresponding increase in the measured wear rate.

Li et al. also studied epoxy and

graphite composites on a ring-block type test rig [83]. Samples were fabricated from 045% graphite by volume and tested against a steel counter surface at 50N load and 200
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rpm. The results showed that the friction coefficient can drop from 0.48 to 0.25 as

graphite content increases from 0 to 30 vol. %, but further addition of graphite will have
little effect on modifying the friction coefficient.

Moreover, the relation between

graphite content and wear volume of the composite has a similar pattern. As graphite

content increases, the wear volume loss decreases sharply first, by the order of 2, then

slightly goes up when graphite content is above 30 vol. %. Xian and Zhang fabricated
polyetherimide/graphite composites with graphite content varying from 0-20% by
volume [17]. In this particular study, wear measurements were performed by a pin-on-

disc apparatus. The results showed a continual decrease in the wear rate with increasing
graphite content.

The wear rate decreases nearly two orders of magnitude from the

baseline pure resin to its lowest value for 20 vol. % graphite. Zhang et al. observed the
friction and wear behavior of polytetrafluoroethylene (PTFE)/graphite composites with

constant graphite content (30 % by volume) while varying the load from 100-400 N [84].

The friction and wear tests were performed with a ring-block wear tester using a steel
ring. The sliding speed was 1.5 m/s and the test was performed for 30 min. The results
showed that the graphite reduces the friction coefficient of the PTFE composite, and the

friction coefficient decreases with increasing load. The wear of the PTFE composites

were shown to decrease by two orders of magnitude compared to that of pure PTFE.

This study also showed that the wear of the graphite-filled PTFE composites increases
with the increase of load. Zhan and Zhang introduced a study in which they discovered
the friction and wear behavior of copper/graphite composites while varying the graphite

content (0, 3, 7, and 10% by volume) and the normal loads on the samples (20, 50, and
11 ON) [22], The wear tests were performed on a block-on-ring type wear machine at a
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constant sliding velocity of 0.42 m/s against a steel counter surface. A decrease in wear

rate with increasing graphite content occurred at low applied loads (20 and 50 N). In the
case of 110 N, however, the wear rate increases when the graphite content reaches 10 %
by volume, indicating different wear mechanisms under different load levels.

Zhang et al. performed SEM examinations on PTFE composites filled with
graphite sliding against steel under lubrication of liquid paraffin.

There were some

obvious wear scars on the worn surface of pure PTFE, but there are some obvious cracks
on the worn surfaces of the PTFE composites filled with graphite. Optical microscope

investigation of the worn surfaces of the epoxy/graphite composites show obvious

transfer films that have formed on the surfaces [83,84],
adhesion of the transfer film.

Graphite can enhance the

So it can be deduced that graphite, with its lamellar

structure can greatly reduce the wear and friction coefficient of polymer/graphite
composites. From all of these observations it can thus be concluded that graphite assists

in increasing the life-span of the tribo-system under dry sliding wear conditions.
2.7

APPLICATIONS

The study and understanding of the exfoliated graphite process is so important

because of its ever growing number of engineering applications. The development of this
material was first initiated with the intent to produce cheaper products with enhanced
physical properties. Exfoliated graphite was also produced with the intent to replace the
now banned hazardous material asbestos. Proper implementation of this new material

could lead to enhanced material characteristics and better efficiencies. The exfoliation
process creates this rather low density, high aspect ratio material. This characteristic
would prove attractive in producing nanocomposites due to its ability to strengthen the
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polymer matrix while maintaining its light-weight properties [13].

Exfoliation of

graphite produces a material which has outstanding homogeneity and a large surface area.

Exfoliated graphite is therefore a superlative candidate for adsorption studies [37,85].

Possible applications for this include hydrogen storage for fuel cells or an absorbent
material to clean up oil spills. This characteristic of adsorbing heat by expansion would

make exfoliated graphite a prime candidate for a fire extinguisher agent or a flame
retardant. Exfoliated graphite is also being looked at because of its lubricating properties.

Many possibilities are available using exfoliated graphite, but most of its

applications would utilize EG in some various level of compression. With the addition of
binders and fillers, there are many composite materials that can be obtained for

applications in sealing and gasketing.

This compressed and/or laminated EG unites

excellent thermal shock and chemical resistance, has a low coefficient of surface friction

and a low permeability, and is capable of operating at temperatures from -200 to +3500
°C [36]. There are also many new promising applications that have still need some
development.

Some of these applications are flow field plates for fuel cells, EMI

shielding, vibration damping and stress and chemical sensing.

Conducting electro active polymeric nanocomposites have attracted considerable
attention in recent years because of their potential applications in new technologies, such
as electrochemical displays, sensors, catalysis, redox capacitors [86,87]. In particular,

graphene-based/polymer nanocomposites possess potential applications in radiation and

electromagnetic shielding, antistatic, shrinkage- and corrosion-resistant coatings, and

other mechanical and functional attributes such as stiffness, barrier, conducting
capabilities [3,88-91], light emitting devices, batteries, and other functional applications
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[10,11]. Other potential applications could be for high temperature conducting materials
such as high temperature conducting adhesive, or for the bipolar plates for polymer

electrolyte membrane fuel cells (PEMFC) [77].
Exfoliated graphite can be used as a filler material to create solid lubricant

nanocomposites.

Aerospace systems have numerous movable components, in which

friction and wear problems may originate, such as reaction wheels, gyroscopes, solar
arrays, antenna drives, sensor-pointing mechanisms, gears, pumps, actuators, latches and
releases.

These mechanisms all experience various degrees of contact stresses and

sliding speeds, low-frequency launch vibrations, and some operate under erratic motions

producing high frequencies. Aerospace systems are even more sensitive to friction and

wear due to the extreme operating conditions imposed on the devices. For example,

aircrafts are repeatedly subjected to high and low humidity with altitude changes.
Satellites must be designed for the high vacuum of space and can be exposed to moisture
during assembly or launch.

Another one of the major concerns with the operating

conditions is the wide range of temperatures these devices may be exposed to.

For

instance, space-borne devices are subjected to temperatures between -100 and +100°C

and aircraft component are subjected to -40 to +300°C [92]. Even if the wear is minimal,
high temperatures can cause deterioration of the component.

The automotive industry also has a continuing desire for advanced tribological materials.
The performance of an automobiles brake system is ultimately determined by the
tribological interactions of the brake pad and the brake rotor. New tribological materials
must be researched in order to meet the heavy demands that are imposed during brake

pad engagement.

Brake pads should be able to maintain a sufficiently high and
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consistent coefficient of friction with the rotor, and should maintain a stable or consistent

friction coefficient independent of temperature, humidity, age, or the degree of wear and
corrosion [93,94]. Another important part of brake performance includes minimizing
various brake-induced problems such as vibrations and noise [94,95]. The optimization

of the friction material in brakes pad is considered the easiest way to improve the
performance of a vehicle because it is easier for the vehicle manufacturer to change the
friction material rather than altering other specifications of the braking system. There has

been quite a bit of research to develop friction materials that have optimized tribological
characteristics regardless of various braking conditions and any invulnerability to the

generation of friction-induced noise and excessive wear [16,95,96]. Apart from the brake

system, there are a number of other automotive components that are hindered by friction
and wear problems. For example, advanced tribological materials are needed for the

piston rings inside the cylinders of an automobile. High temperatures can result from this
phenomenon within the engine, and can cause failure of the lubricant; this in turn will

lead to increased wear of the metal parts [14],
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CHAPTER III
NUMERICAL STUDY: GROWTH MECHANISMS OF GRAPHITE NANOFLAKES

3.1

INTRODUCTION
In the present work, a numerical simulation, utilizing a finite volume method is

introduced for the growth of a gas pocket during the expansion process of exfoliated

graphite. The expansion of single gas pockets, which are formed from the coalescence of
intercalated molecules, is the reason for the separation of the graphite layers and the
development of the resultant microstructure of exfoliated graphite. Proposed is a new

approach that utilizes concepts developed in models from Martin and Brocklehurst [65]

and Mysyk et al. [66]. This new approach solves for the gas pocket’s pressure by directly

using the energy equation, rather than approximating it using the Griffith crack or
deriving it from experimental data. This allows for a more accurate and realistic solution.
Some of the key parameters that influence the gas pocket’s final size are the heat flux into

the system and the variations in the initial geometry of the gas pocket. Quantifying these
factors to solve for the internal pressure within the gas pockets before breakaway, allows

for the determination of how they affect the final pore size. From this, a parametric study

is performed to optimize these mechanisms responsible for growth of the single gas
pocket. This study quantifies the energy through the solution of several simultaneous
non-linear differential equations using a finite volume method. The numerical method

will be explained in further detail in succeeding sections.

3.2

MODELING PROCEDURE

3.2.1

ASSUMPTIONS
Islands of intercalate which form from the diffusion and trapping of gas in the

graphite planes, as suggested by Daumas and Herold [97], are the likely source of the gas
pockets responsible for expansion. This assumption suggests that the gas within the
system can be modeled as a closed, discrete entity of intercalate gas. After the diffusion

of gas through the matrix, the defects inherently present in the graphite lattice trap the
gas, forming “islands of intercalate” as proposed by Daumas and Herold.

It was

suggested by Hooley [98] that certain structural defects seal the edges of the graphite
planes together, thus creating small gas-tight pockets in which the intercalate is trapped.
There is assumed to be no migration of the gas once it has been trapped within the defects

of the lattice. A schematic representation for such a phenomenon can be represented as

in Figure 3.1.

Figure 3.1 Schematic of model

The model has been developed under the following assumptions. As shown by
Inagaki [99], the gas pocket in exfoliated graphite looks like a body of rotation whose

form closely resembles an ellipsoid. An ellipsoid is a three dimensional body containing
three radii, Ra, Rb, and Rc. There are two radii in the plane that is parallel to the graphite

layers, Ra and Rb, and one radius that is perpendicular to them, Rc. These two radii in the

plane parallel to the graphite layers are assumed to be equal to one another, so
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Rh= R

(3-1)

The assumption is made that the ratio p of the major radius Ra to the minor radius Rc of
this gas pocket remains unchanged during thermal expansion. Therefore, the ellipsoid
will expand equally in all three radial directions shown as

—- = B = const

(3.2)

Rc

This model neglects any thermal decomposition of gas during thermal shock, since the

gas pockets in this study are contained in defects that are much larger than the interlayer
spacing of graphite. Therefore this discrete volume of gas within the pockets can be
assumed to follow the ideal gas law.
PgV = nkT

(3.3)

where Pg is the pressure within the gas pocket, n is the number of molecules of intercalate
initially in the pocket, and k is Boltzmann’s constant. The gas pockets, and consequently
the graphite layers, will stop expanding when the gas within the individual layers reaches

equilibrium, according to the ideal gas law. The volume of the gas pocket can be defined
as

K =

(3.4)

The heat source adding energy into the cavity is set by applying an isothermal boundary
condition around the outer wall of the gas pocket.

In the following sections, the

numerical procedure is described in detail to explain the expansion process.
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3.2.2 NUMERICAL PROCEDURE

The expansion of a gas pocket during the exfoliation of graphite can be idealized
by a three step thermal transformation process. In the first step, the pocket undergoes

rapid heating due to the isothermal temperature constraint imposed on the border.
However, thermal expansion is initially constrained by the bonding forces between the

individual graphite layers enclosing the gas pocket by Van der Waals bonds. As heating
continues, the pressure within the gas pocket increases until it equals the sum of the

bonding force from the planes and atmospheric pressure. This leads to the second step in
which the pressure overcomes the opposing forces and expansion is allowed to occur due

to the large pressure build up. In the third and final step the accumulated pressure is

finally exhausted. The majority of the gas escapes from the edges due to expansion.
Therefore there is negligible volume change and it can be assumed that expansion will no
longer occur.

3.2.2.1 PHYSICAL PROPERTIES

The following set of equations were used to compute the material properties of

the intercalate gas.

From the ideal gas law for compressible flows, density has the

following form
_ Patm+Pg
P~ J_T

<3-5)

where R is the universal gas constant, Mw is the molecular weight of the gas, Patm is the
operating pressure, and Pg is the local relative (or gauge) pressure of the gas pocket
system as predicted by the model.
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The material properties of viscosity, thermal conductivity, and specific heat

capacity were all defined using a piecewise-linear profile to specify them as a function of
temperature. The piecewise-linear profiles for viscosity, thermal conductivity, and
specific heat capacity, respectively are

(3-6)

«+l 1 n
(3.7)

* n+1 * n

Cp(T)=Cp„+^^(T-T„)

where 1

(3-8)

n - N and N is the number of segments.

3.2.2.2 BOUNDARY CONDITION

When there is a fixed temperature condition applied to the wall boundary, the heat
from the wall to the fluid cell region of the inside of the gas pocket is computed as

(3.9)

q=hf^rw-T ,)+qmi

where hf is the fluid-side local heat transfer coefficient, Tyv is the wall surface

temperature, Tf is the local fluid temperature, and qrad is the radiative heat flux. There is

assumed to be a zero wall thickness in this case.
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3.2.2.3 ENERGY EQUATION
For the implementation of heat transfer, an energy equation must be applied. The
energy equation takes the following form

dt

(p£)+V-(v(p£ + p)) = V- -XV
V J

(3-10)

where J is the diffusion flux of species j. The term on the right-hand side of the energy
equation represents species diffusion. In Eq. 3.10,
p v2
E = h-^--v —
P 2

(3.11)

where sensible enthalpy h is defined for ideal gas as

h = HYjhJ

(3.12)

j

322A MOMENTUM EQUATION

The conservation of momentum equation for this vapor region within the pocket
of the model is

^(pv)+V-(pvv) = -Vp + >cg + £
dt

(3.13)

where p is the static pressure, and pg and F are the gravitational body force and external
body forces, respectively.
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3.2.2.5 MASS EQUATION

The general equation for conservation of mass, or continuity equation, can be
written as follows:

-^ + V-(pv)=0
ot

(3.15)

3.2.2.6 BREAKAWAY TEMPERATURE
As a graphite intercalation compound is heated,

the Van der Waals forces between adjacent graphite

layers are initially greater than the pressure of the

intercalate in the bubble.

Therefore, it takes a

t t t ft t

t

significant rise in temperature before these forces will
Figure 3.2 Summation of forces

be overcome by the pressure forces within the bubble.

The temperature at which expansion first occurs due to thermal heating can be called the
“breakaway temperature”, Tb [64], The summation of forces on a single gas pocket is

shown in Figure 3.2 and can be given as:

Pg=Pa,m+F

(3.16)

The bonding force between the layers, as described by Martin and Brocklehurst, is said to
be

F = Kg/2(i-ct2)/?J''2

(3.17)

where y is the ‘effective’ surface energy per unit area of the gas pocket, a is Poisson’s
ratio of graphite, G is the shear modulus of the graphite crystal. Recalling that the gas

pocket is assumed to follow the ideal gas law, the pressure can be computed as:
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t

3nkT

(3.18)

AfKR'R a

where n is the number of molecules of the gas in the bubble, T is the absolute temperature
of the gas, and k is Boltzmann’s constant. Solving for T from equations (3.17) and (3.18)

gives the breakaway temperature.

'a

(3.19)

3nk

3nk

3.2.3 NUMERICAL SOLUTION

The computational fluid dynamics software, Fluent, was chosen to simulate this
phenomenon. Due to the uniqueness of this particular phenomenon, an additional code,
or user defined function (UDF), was written into the Fluent software in order to fully

predict this scientific process. The purpose of the UDF created for this problem was to
control the rate and extent of expansion of a gas pocket based on the several equations
solved previously. For instance, the UDF restricts the gas pocket expansion until the

temperature has surpassed the breakaway temperature. This code expands the mesh

based on a node repositioning scheme. Based on the difference in model conditions
(pressure, temperature, etc.) between iterations, a scaling factor was formulated for each

node, which was used to reposition the node to a current state. The expansion of the gas

pocket will continue until the pressure within the gas pocket reaches zero according to the
ideal gas law, therefore depleting the gas pockets mechanism for expansion.
A control-volume-based method was implemented to convert the governing

integral equations into algebraic equations that can be solved numerically. This control
volume technique consists of three main steps.
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The first step is the division of the

domain into discrete control volumes using a computational grid. For the purpose of the
parametric study to be pursued, the size of the grid was altered to study the affects of

various sized gas pockets on the expansion rate.

The major radius, Ra, was varied

between 50-700pm and the minor radius, Rc, was varied between 0.1-20pm.

The

resolution for each grid was 1794 cells. The grid resolution was maximized while still
considering its important limitations such as Computer processing time and computer

resource limitations. Next, is the integration of the governing equations on the individual
control volumes to construct the algebraic equations for the discrete dependent variables,
or unknowns, such as the velocities, pressure, and temperature of the gas. The last step

involves the linearization of the discretized equations and the solution of the resulting
linear equation system to yield the updated values of the dependent variables.
The finite volume method chosen was the segregated solution method. In this
approach, the governing equations were solved sequentially. Because the governing

equations are non-linear (and coupled), several iterations of the solution loop must be
performed before a converged solution is obtained. The iterations consist of a series of

steps. First, the intercalate properties are updated based on the current solution. The
momentum equations are solved in turn using the current values for pressure and mass
fluxes in order to update the velocity field. The velocities obtained in the previous step

may not satisfy the continuity equation locally, a pressure correction factor was derived
from the continuity equation and the linearized momentum equations. This pressure
correction equation is then solved to obtain the necessary corrections to the pressure and

velocity fields and the face mass fluxes such that continuity is satisfied. Finally, a check

for convergence is made, if this fails, the process is repeated [100].

61

In the segregated solution method, the discrete, non-linear governing equations

are linearized to produce a system of equations for the dependent variables in every
computational cell. The resultant linear system is then solved to yield an updated flow-

field solution. The governing equations are linearized to take in “implicit” form with
respect to the dependent variable of interest. Implicit implies that for a given variable,

the unknown value in each cell is computed using a relationship that includes both

existing and unknown values from neighboring cells. Therefore each unknown will

appear in more than one equation in the system, and these equations must be solved
simultaneously to provide the unknown quantities. Put simply, the segregated solution
method solves for a single variable field, say pressure, by considering all cells at the same

time. It then solves for the next variable field again considering all cells at the same time,

and so on.
The discretization technique used for this solution was the first-order upwind

scheme. Quantities at cell faces are determined by assuming that the cell-center values of
any field variable represent a cell-average value and hold throughout the entire cell; the
face quantities are identical to the cell quantities.

This scheme provides first-order

accuracy.
Finally, the pressure-velocity coupling used for this simulation is achieved using

the SIMPLE algorithm. This algorithm uses a relationship between velocity and pressure

corrections to enforce mass conservation and obtain a pressure field.
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Table 3.1 Definitions of parameters used

Shear modulus of graphite
Effective surface energy
Poisson’s ratio of graphite
Boltzmann’s constant
Atmospheric pressure
Molecular weight of sulfur dioxide
Density of sulfur dioxide

3.3

G
7
a
k
P atm
Mw
P

3.0 x 10y Pa
0.12 J/m2
0.3
1.38 x 1 O'23 J/K
1.01325 x 10s Pa
64.06 g/mol
2.77 kg/m3

RESULTS AND DISCUSSION

The significance of this study lies in its ability to predict the volume change of a
gaseous pocket trapped between adjacent layers of graphite during actual exfoliated

graphite processing allowing for a better process control. The processing of exfoliated

graphite can be modified based on the requirements of the desired application.

A

parametric study is forth taken with the intent to study various changes to the model and

the influence they have on changing the gas pockets volume. Therefore, the results from
this study are shown to be qualitative in nature rather than quantitative. The parameters
that have been chosen to be analyzed for this particular case include the isothermal

boundary condition, the size of the pocket, and the aspect ratio of the pocket described by

Eq. 3.2 (keeping either the a-axis or c-axis radii constant). For the solution of this model,
the initial conditions listed in Table 1 [101,102] were used and all of the parametric
studies were performed with sulfur dioxide as the intercalated gas.

The thermal

properties used for sulfur dioxide [103] are shown in Figure 3.3 a,b,c. The piecewise-

linear natures of the graphs are a result of defining the properties as a function of
temperature.
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Temperature/K
a) Heat Capacity

b) Viscosity
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Figure 3.3 (a, b, c) Thermal properties of sulfur dioxide

To confirm the accuracy of the proposed model, it was compared to experimental

data performed Mysyk et al. [66].

Their experimental set-up allowed them to

simultaneously measure the volume and mass loss of a graphite sample during an applied
constant heating rate of 2K/min throughout the thermal transformation process. In the
proposed model, the initial parameters including gas pocket size and the wall

temperature, which determine the heat flux into the system, were adjusted until they were

in agreement with the experimental data. The parameters used that showed numerical
agreement with the experimental data was a wall temperature of 800°K and a gas pocket
size of 15pm x 462pm. Figure 3.4 shows the comparison between the experimental data
and the model proposed for the gas pocket growth, the results of which have been

normalized. The curves depict the volume change of the system as a function of the
systems temperature. The proposed model seems to be in good agreement with the
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experimental data on the thermal expansion of the graphite particles.

These results

confirm the validity of the model.

Temperature/K
Figure 3.4 Comparison between the experimental data and proposed model

3.3.1

WALL TEMPERATURE

To simulate the effects of varying the amount of heat added to the system, the

isothermal boundary condition on the boundary of the gas pocket has been varied to
range from 500°K to 1300°K. All of the other variables were kept constant in this

particular study. Since the breakaway temperature from Eq. 3.19 depends upon the radii
of the ellipsoid, among other constants, it will also be constant. Therefore the sole

influence on the amount of expansion will depend upon the maximum pressure achieved
from the various wall temperatures. The higher the wall temperature, the larger the heats
flux into the gas pocket. The greater amount of heat added to the system before the gas

pocket reaches its breakaway temperature will increase the pressure at the point of
breakaway. The pressure in the gas pocket at the instant before breakaway determines
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the magnitude of expansion. The results from the simulation have shown to follow this
particular trend. The dimensionless variable 6 has been made to quantify the amount of

expansion that occurs and can be represented as

3=

%ARc
%\Rc

(19)

where %A/?c is the percent change of the c-axis radius, and °/oARcmax is the maximum

percent change of the c-axis radius achieved after expansion from the solution set. Since
the graphite flake is limited to growth in the c direction only, due to its layered structure,

any growth in the c direction of the gas pocket will represent the extent of expansion
expected for the overall system. The effects of changing the magnitude of heat flux into
the system as a function of the dimensional expansion coefficient 3 can be seen in Figure

3.5. As expected, the amount of expansion increased with increasing temperatures.

Figure 3.5 Radial growth as a function of wall temperature
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3.3.2 GAS POCKET SIZE

The size of the gas pocket trapped within the crystalline structure of graphite may
vary depending on the presence and size of the defects present in the lattice. For this
reason, an investigation on the effect of various sized gas pockets needs to be addressed.
For clarification, various “sized” gas pockets have the same aspect ratio. The a and c

axis are varied at the same ratio. The isothermal boundary condition is constant for this
study. For this particular case, the breakaway temperature is dependent upon the size of
the gas pocket, as the volume decreases, the breakaway temperature increases.

The

reasoning behind this result is due to the fact that the number of molecules n within the

gas pocket, is defined by the volume of that particular pocket. Therefore these two
volume terms, in both the numerator and denominator, will cancel each other out, leaving

only one geometrical variable left in the equation, Ra in the denominator of the portion of

the breakaway temperature equation that represents the force between the graphite layers.
Then, changing the size of the bubble will change the radius Ra, and as was just shown

since the single Ra term is in the denominator, as Ra decreases, the breakaway
temperature will increase. The higher the breakaway temperature, the more pressure will
build leading to greater expansions. The dimensionless parameter F* will be introduced
and is given as:

J/*

zz

Vin
Vin.

(3.20)

where Vin is the initial volume of the gas pocket, and Vinmax is the initial maximum

volume from the solution set.

Figure 3.6 shows the behavior of the dimensionless

expansion coefficient as a function of the change to the dimensionless initial volume of
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the intercalated gas cavity. This trend suggests that as the initial volume of the gas
pocket decreases, the overall percentage change in the c direction increases. The percent

volume change will be greater for smaller pockets compared to larger ones. However,
the final overall volume of an initially smaller gas pocket will not exceed that of an

initially larger one. The trend observed from the results is apparent for two reasons.
First, this increase is caused from the increase in the breakaway temperature as the

volume decreases. The breakaway temperature is a function of the geometry of the gas
pocket at hand. Higher breakaway temperatures will allow for more pressure to build up

in the gas pocket before it is released. Second, lower volumes will result in greater

pressure build up, according to the ideal gas law under constant temperature. As would
be imagined, higher pressures right before the breakaway point will lead to greater
expansion.

Figure 3.6 Radial growth as a function of initial volume at constant aspect ratio
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3.3.3 ASPECT RATIO

It is important to study the effects of changing the aspect ratio of the gas pocket.
Not only can the gas pocket change in volume, it can also be found in a wide gamut of

aspect ratios. This can again be the cause of various sized defects, but this time the

geometry of the defects is considered.

Gas pockets can also be trapped within the

individual layers of the graphite crystal and the aspect ratio depends upon how far the

pocket is dispersed along the a direction of the lattice. The dimensionless variables Ra*
and Rc* can be defined as:
Ra
Ra.,

(3-21)

Rc* = -~^Cmax

(3.22)

Varying the aspect ratio was performed by holding one radius of the gas pocket constant

while changing the other. The dimensionless expansion coefficients as a function of the
variations to the aspect ratio can be seen in Figure 3.7 and 3.8. Figure 3.7 shows the

variation in the minor radius or c direction of the gas pocket while holding the initial a
direction radius constant. Changing the c direction radius has no effect on the breakaway
temperature since the c direction radius cancels itself out since it can be found in both the

numerator and denominator. Therefore the breakaway temperature is constant for this

case. The only effect on the internal gas pocket pressure at breakaway, and as a result the

extent of expansion, is the change of the gas pocket volume due to changing the radius

value. As the c axis radius decreases, the gas pocket volume decreases as well. Smaller
volumes produce larger pressures as the same wall temperature. The variation in the a
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direction of the gas pocket, while holding the c direction radius constant, is shown in Fig.

3.8. Variation in the a direction has the same effect on expansion due to the volume

change as the c direction did.

However, the a axis radius does not get completely

cancelled in the breakaway temperature equation. Influence still exists in the portion of
the equation that accounts from the tensile stress F that holds the graphite layers together.

This will account for increasing breakaway temperatures with increasing a axis radius,
and for the same reasons that have been seen before, increased expansion.

Thus,

fluctuations in the a direction of the gas pocket should have a stronger influence on the
expansion than those of the c direction.

Figure 3.7 Radial growth as a function of initial c axis radius
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Figure 3.8 Radial growth as a function of initial a axis radius

3.4

CONCLUSIONS
A numerical model to study the growth mechanisms during the exfoliation of

graphite was proposed.

The expansions of single gas pockets, which form from the

coalescence of intercalated molecules, are the major contributors to the separation of the

graphite layers and the development of the resultant microstructure. This model is based
on a control-volume-based technique that was implemented to convert the governing

integral equations into algebraic equations that can be solved numerically. A parametric

study was carried out to analyze the main influences on the extent of expansion of a
single gas pocket. Some of the key parameters that influence the gas pockets final size

are the heat flux into the system and initial geometry of the gas pocket. From the finding
of this study it has been seen that higher gas pocket pressures before breakaway lead to

larger expansions. Various changes on the system can affect the gas pocket pressure
before breakaway as was evident from the parametric study.
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The cause of higher

pressure in the gas pocket at breakaway include, but are not limited to, the magnitude of
the isothermal boundary condition, and various sized volumes caused by change in the

geometry. A variety of gas pocket dimensions and sizes can be possible by defects found
within the crystalline structure of graphite. Therefore, all geometries were studied to

verify their effect on expansion.

It was seen that smaller volumes produce greater

percentage change in initial volumes. Considering a graphite flake on the macro level, if
the same concentration of gas is kept constant but the individual gas pocket sizes are
reduced, greater expansion will occur for the overall sample. Graphite particles that most

closely resemble a perfect graphitic structure, with smaller defect sizes, will result in
greater levels of expansion. Also, since the force equation for the bonding of the graphite

planes has been determined to only depend on Ra and not Rc, only variations in Ra will
affect the breakaway temperature providing another route for higher pressures. It can be
postulated then that variations in the a direction of gas pockets has more influence on

expansion than variations in the c direction, since the Rc radius gets eliminated from the
breakaway temperature equation, only Ra is left to influence the breakaway temperature.
As discussed earlier, decreasing Ra will increase the breakaway temperature giving a
higher resultant breakaway pressure. The particular species used for intercalation plays

an important role in the final expansion. Materials with superior heat transfer properties
will allow more heat into the system resulting in higher pressures before breakaway. The

predicted results provide insight on the exfoliated graphite formation. It demonstrates

where the major influences for expansion are developed.

73

CHAPTER IV

PHYSICAL AND TRIBOLOGICAL PROPERTIES OF EXFOLIATED GRAPHITE
BASED NANOCOMPOSITES

4.1

INTRODUCTION

Polymers with nanoparticle additives have attracted considerable attention in
recent years because of their highly sought-after multifunctional characteristics. Pure

materials are inevitably limited in applications by their inherent properties. Polymeric
materials are typically limited in applications due to their inherent low thermal

conductivity, low thermal stability, high electrical resistivity, and ductile mechanical
properties. However, polymers may be attractive because they have high strength to
weight ratios, are inexpensive, and are easy to process. The addition of a nanometric

additive into polymers may drastically enhance their properties and consequently its
multifunctionality.

The impressive theoretical properties of carbon nanotubes have led to their
experimentation as a polymer additive. However, carbon nanotubes have many short
comings that do not make them the optimum choice as an additive material for polymers.

Currently there is an inability to incorporate nanotubes into the polymer matrix

seamlessly.

Single-walled nanotubes do not exist as lone entities that can easily be

isolated and manipulated, alternatively they form bundles of individual tubes which tend
to agglomerate and cause weak points within the polymer. Furthermore, the outer walls
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of nanotubes consist of inert graphene shells that can not be easily wetted by the resin

adversely affecting the resulting composite due to poor interfacial contact. To remedy
this problem, functionalizing the nanotubes may increase the processing time and thus the

final cost of the product. The excessively high cost of nanotubes is already a major
limitation to using nanotubes, which can be as high as a few hundred dollars per gram.
Nanofibers have been offered as an alternative to nanotubes due to the ease of

processability and a considerably lower price of $100 per pound. Nanofibers only offer

modest property improvements to the polymer compared to nanotubes.

To alleviate

much of the high costs and complex processing associated with carbon nanotubes and
even nanofibers, an alternative that is easy to manufacture and only costs a few dollars

per pound is needed.

Exfoliated graphite is proposed as this alternate additive for

polymer property enhancement.

This study is intended to be a complete investigation of the physical and
tribological properties of exfoliated graphite, filled polymer nanocomposites, as function
of filler dimension (particle size and their degree of expansion) and its concentration
within the polymer. The size of the exfoliated graphite particles and its effect on polymer

properties has yet to be investigated in published literature.

For the tribological

properties, the effect of expanding graphite before implementation as a lubricant has also
not yet been analyzed. The size of the particle alone may have a significant impact on
property variations.

A comprehensive set of data that relates the concentration of

additives to physical properties will be studied.
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4.2

EXPERIMENTAL METHODS

4.2.1

NANOCOMPOSITE FABRICATION

The graphite used in this study was natural flake graphite which has an average in

plane diameter of 500 pm. The polymer used for the matrix material was EPON Resin
862.
Exfoliated graphite was prepared as the follows: a mixture containing nitric and

sulfuric acid and natural graphite was used. After 24 hours of reaction time, intercalation
within graphene sheets took place to form intercalated graphite compound. Then the
mixture was filtered, washed with water, and dried in an oven at low temperatures. The

intercalated graphite compound was subjected to sudden heat treatment temperature of
900°C and rapid expansion then occurred. The expansion ratio was as high as 300 times.

During this study, three kinds of exfoliated graphite filled polymer nanocomposites,
having different graphite particle sizes, were prepared.

The graphite flakes were

separated using 50, 100, and 150 mesh sieves and shall be labeled as large, medium, and
small flake polymers, respectively, from this point forward.
Nanocomposites of polymer and exfoliated graphite concentrations of 0.1, 0.5, 1,
2, 4, 8, 12, 16, and 20% were prepared. Initially, the exfoliated graphite flakes were

highly sheared by using a homogenizer at a very high rotation speed (—13,500
turns/minute) in solvent. The blade of the homogenizer rotates and breaks the larger

graphite flakes into even smaller nanosheets. The application of ultrasonication further
improves the dispersion of graphite nanosheets. After the mixing process was complete,
the mixture was filled into a silicone rubber mold. The mold with the mixture was loaded
in a hydraulic press to cure. The curing conditions for the molds were pressed under 675
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psi at 250°F for 2 hours and then at 350°F for 2 more hours. To assist the dispersion of
the filler in the polymer, resistivity scan was used to evaluate the resistivity value in the

cured sample, 64 data points were obtained using four probe measurements. All samples
had shown consistent resistivity value with standard deviation less than 4%.

4.2.2 NANOCOMPOSITE STRUCTURAL AND SURFACE CHARACTERIZATION
4.2.2.1 BET SURFACE AREA

In BET surface area measurements, a sample contained in an evacuated sample
tube is cooled (typically) to cryogenic temperature, and then is exposed to analysis gas at

a series of precisely controlled pressures. With each incremental pressure increase, the
number of gas molecules adsorbed on the surface increases. The pressure at which

adsorption equilibrium occurs is measured and the universal gas law is applied to

determine the quantity of gas adsorbed.
As adsorption proceeds, the thickness of the adsorbed film increases.

Any

micropores in the surface are quickly filled, then the free surface becomes completely
covered, and finally larger pores are filled. The process may continue to the point of bulk
condensation of the analysis gas.

Then, the desorption process may begin in which

pressure systematically is reduced resulting in liberation of the adsorbed molecules. As
with the adsorption process, the changing quantity of gas on the solid surface is
quantified. These two sets of data describe the adsorption and desorption isotherms.

Analysis of the isotherms yields information about the surface characteristics of the
material.
BET surface areas were measured using a Micromeretics ASAP 2010 automatic

single and multi point BET surface area measurement system. The amount of nitrogen
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/
gas adsorbed by a sample was measured and used to calculate surface area in m2/g
ofr*

solid. The surface area data of the exfoliated graphite was analyzed on the Micromeretics
Accelerated Surface Area and Porosimetry System (ASAP 2010).

For ideal solid

particles, there is usually an inverse relationship between particle size and surface area.
Actual particles include lattice distortions, dislocations, and cracks, other than the planar

regions. So its actual exposed surface is greater than would be calculated assuming any

one geometric shape.

4.2.2.2 OPTICAL LIGHT MICROSCOPY
Optical light microscopy was performed to investigate the dispersion of the
graphite nanoparticles throughout the polymer matrix. It was also used to investigate the
surfaces of the samples after tribological testing. For each of the exfoliated graphite

filled polymer nanocomposite samples, a representative portion was cut for optical

microscope analysis. The cut sample is placed into a mold that was first coated with
Buehler release agent. The molds were filled with an epoxy and left to dry overnight.

Once the epoxy is hardened, the samples are removed from the molds and placed in the
first of two polishing machines. The first machine uses different grit metallographic

grinding pads to sand down the samples until a clear cross-sectional view of the
nanocomposites was available.

At this time, the plugs were placed on the second

automatic polishing machine. The samples were placed in a liquid solution of polishing
alumina and vibrations produced by the machine polished the samples even further. The

samples are left in this machine over night.

Upon completion of the polishing process, the samples were cleaned and analyzed

via the light microscope. A series of images or micrographs were captured through the
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nanocomposites cross-section and at different magnification. Polarized light was also
implemented for better contrast between the graphite particles and the epoxy.

4.2.2.3 SCANNING ELECTRON MICROSCOPY
High-resolution Scanning Electron Microscope (SEM) provides an analysis of the
structural properties of the exfoliated graphite nanocomposites. An emphasis was also

placed on the exfoliated graphite dispersion within the samples.
Image contrast is obtained in electron microscopy by two separate phenomena.

Mass thickness contrast reflects differences not only in thickness, but also density, and
the degree of scattering of the specimen. The adsorption of the electron beam into the

specimen is quite small. A bright field image can be obtained when the aperture in the
back focal plane of the objective lens is small enough to eliminate undesirable beams, but
large enough to allow transmitted electron beams to pass through. Conversely, in the
dark field image, the incident beam must be tilted for the planes to be brought to the
Bragg angle. The observation of the specific lattice plane extracted from the planes

facing arbitrary directions is possible by changing the tilt angle and the aperture position.
However, the dark field electron microscope technique allows a complete exploration of

the reciprocal space of distorted materials like turbostratic carbons.

If the aperture is reduced in size, the contrast improves as the resolution
deteriorates. This is why the resolution in the dark and bright field images is limited to

3nm. When high resolution is required, the aperture must be opened widely so that both
the diffraction electron beams and the transmitted beams are collected to give a lattice

fringe image. This describes the second contrast in electron microscopy which is often
called the phase contrast.

79

4.2.2.4 ATOMIC FORCE MICROSCOPY
A Pacific Nanotechnology Nano-R™ Atomic Force Microscope (AFM) has been

used to characterize the surface topography of the nanocomposites samples. The samples
surfaces were analyzed in the non-contact mode of the AFM. In non-contact mode, the

AFM tip never touches the sample during the entire scanning process. The cantilever is
oscillated at a frequency slightly higher than its resonant frequency at small amplitudes

(<10nm), to obtain an AC signal from the cantilever.
Due to various forces between the sample and tip, such as Van der Waals,

magnetic or capacitative forces, the resonant frequency of the cantilever is reduced,

which results in the reduction of the amplitude of the oscillation of the tip. The feedback
loop maintains constant oscillation amplitude or resonant frequency by moving the

scanner at each point until the set point amplitude or frequency is obtained. The vertical
positions of the piezo scanner are stored at each point to produce a topographical image

of the sample surface. These images could then be analyzed using the accompanying

software

4.2.3

NANOCOMPOSITE PHYSICAL PROPERTY CHARACTERIZATION

4.2.3.1 ELECTRICAL ANALYSIS

The electrical properties of the exfoliated graphite filled polymer nanocomposites

were measured at room temperature utilizing a four-point electrical resistivity test

according to ASTM B 193-87. The nanocomposite samples were cut into specimens of
20 x 10x3 mm3 for testing. For the samples with lower filler contents, the resistivity

was out of the detectable range of the four-point resistivity probe. The two outer leads of
the tester are connected to the current source and the two inner leads are used to measure
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the voltage drop through the nanocomposite. Ohm’s law allows for the resistance of the

sample to be determined. By coupling the calculated resistance with the known crosssectional area and distance between leads the resistivity of the sample can be deduced.

Electrical conductivity can be found by taking the reciprocal of resistivity.
4.2.3.2 THERMAL ANALYSIS
Thermal conductivity of the additive filled polymers was measured on the LFA

447 Nano flash diffusivity instrument. The sample dimensions were approximately 10 x

10x1 mm3. Conforming to ASTM El461, the Xenon flash lamp based Nanoflash uses
optical coupling to heat and read the sample surfaces, eliminating potential interface
thermal resistance, and making accurate measurement of thin samples. A test sample is

irradiated uniformly on one side using a single Xenon flash tube pulse. The temperature

rise of the other side is measured as a function of time using an infrared detector. Based
on the shape of the temperature rise curve, the thermal diffusivity can be calculated

directly by knowing the sample thickness. The results of the flash diffusivity were

analyzed according to Equation 1 where a is the diffusivity, L is the thickness (<0.5 cm)
of the sample and Z7/2 is the time (sec) at which one half of the maximum voltage is

registered.

0.139L2
a =----------

(4.1)

*1/2

As the xenon pulse is transmitted through the front face of the nanocomposite

sample during the flash diffusivity test, the temperature of the surface facing away from

the load is measured via a thermocouple.

The temperature of the nanocomposite

increases following the administration of the thermal pulse. After the experimental run is

complete, the maximum voltage reading is determined. The time corresponding to one
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half the maximum voltage value attained is then used in the thermal diffusivity
calculation along with the thickness of the nanocomposite sample.

Thermal diffusivity was combined with the nanocomposites specific heat and
density to calculate its thermal conductivity. The resulting thermal conductivity, K, was
calculated according to Equation 2, where p is the nanocomposite’s density (tested

according to ASTM C693-74) and Cp is its specific heat or heat capacity.
2 = Cp * p * a

(4.2)

4.2.3.3 THERMOMECHANICAL ANALYSIS

Thermomechanical analysis (TMA) was conducted using a TA instruments TMA
Q400 according to ASTM E 831-86. The sample dimensions were approximately 10 x

10 x 1 mm3. The specimen is placed onto the base of a quartz sample holder and a

suspended quartz probe is lowered down and positioned so that it just touches the top
surface of the sample. The TMA sample holder assembly is then placed into a furnace
unit and the vertical movement of the quartz probe is continuously monitored.

The

samples were tested in the temperature range from room temperature to 250°C in a
nitrogen environment at atmospheric pressure, at a heating rate of 2°C/min. One of the

benefits of using the expansion probe is that coefficients of thermal expansion (CTE) can
be easily measured by TMA. The CTE is a quantitative assessment of the expansion of a

material over a temperature interval. When manufacturing products that contain two
different materials, it is often critical to ensure that the materials will have CTE values
that are identical to avoid the build-up of thermal stresses or to prevent leaks or

component malfunctions.
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4.23.4 MECHANICAL ANALYSIS

The mechanical properties of the polymers were studied using the three-point

flexural test according to ASTM D790-00. The three-point flex test utilizes a sample size
of 38 x 10 x 3 mm3. A span ratio (length to thickness) of 8:1 was used. Llexural testing
was conducted using an Instron load frame with a crosshead speed of 0.5 in/min. The

information provided from this test included the Young’s modulus and ultimate strength

for the polymers.

The elastic modulus and ultimate strength were calculated by the Instron Series
IX Automated Materials Testing System. These results were then verified via manual
manipulation of the raw data. The ultimate strength was given by the applied load at the

point of mechanical failure. The elastic modulus was calculated using the stress/strain

slope in the elastic range of deformation, the span of the material being tested, the width
of the sample as well as the depth of the three-point flex test.

4.23.5 DYNAMIC MECHANICAL ANALYSIS

The dynamic mechanical analysis (DMA) was conducted using a TA Instruments
DMA 2980 in three-point bending mode. The sample dimensions were approximately 50
x 13 x 5 mm3.

The samples were tested in the temperature range from room

temperature to 225°C in air at atmospheric pressure, with a heating rate of 2°C/min. The
specimens were imposed to a cyclic loading with a strain rate of 1 Hz. The loss modulus

and the storage modulus were recorded as a function of temperature, while the tan delta

was computed from the later. The glass transition temperatures of the nanocomposites
were determined as the temperature at which the loss modulus maximized.
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4.2.3.6 TRIBOLOGICAL ANALYSIS
The wear tests were performed on a pin-on-disc climate tribometer that was
custom designed and fabricated and is well documented in Appendix A. In order to
maximize the effects of wear and to achieve clear results, the exfoliated graphite filled

polymer nanocomposites were chosen as the material for the pin, and stainless steel was

selected for the counter surface, or disk. To machine the test specimens for the pins, a

hole cutting drill bit was used to cut out cylinders through the thickness of the molds.

The small cylinders were then machined down using a lathe to the approximate
dimensions shown in Figure 4.1, the units are in millimeters.

The most critical

dimensions were the diameter of the smaller end and the middle diameter. The face of
the smaller end was the contact surface for the wear tests and was kept consistent across
samples to maintain the same contact area. The middle diameter was critical because a

tight fit was needed with the samples and the pin base opening to avoid shifting of the
sample within the pin. The largest diameter of the samples only needed to be small

enough to slide into the pin base. The test sample was then dropped into the pin base
with the small end facing out, and the pin plunger was screwed into the pin base and

secures the sample in place. This prevents the sample from spinning while the sample
Figure 4.2 shows the entire pin-on-disk

was in contact with the counter surface.

configuration. The contact areas of the samples and the steel disk were lightly polished

and cleaned with acetone before each test was conducted to ensure no foreign debris was
on the surfaces. The pin assembly was inserted into the tone arm and the test specimen

rested against the steel disk.
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Figure 4.1 The dimensions of the wear test specimens in mm.

Figure 4.2 Pin-on-disk configuration

The mass added for the normal force was 175g. The rotational speed of the disk
was 300 rpm, while the linear speed was 0.2 m/s. The test temperature was 25°C, 60%
relative humidity. The tests were performed for 90 minutes. The friction coefficient
between the exfoliated graphite filled polymer nanocomposites test samples and the steel

disk is recorded directly through the instrument and plotted as a function of time. The
volume loss of material lost from the specimens was calculated by measuring the
thickness before and after the wear tests.
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4.3

RESULTS AND DISCUSSION

4.3.1

EXFOLIATED GRAPHITE AND NANOCOMPOSITE MICRO STRUCTURE

Following the mentioned procedure, the surface area of the three sizes of
exfoliated graphite particles were measured and summarized in Table 4.1. The results

from the surface area analysis showed: small flake had a value of 16.02 m /g, medium
was 15.61 m2/g, and large was 15.35 m2/g. Thus, the surface area may be related to the
extent of exfoliation as well as the particle size.
Table 4.1 Surface area of exfoliated graphite.

Exfoliated graphite

Small

Medium

Large

Surface area (m /g)

16.02

15.61

15.35

As shown in Figure 4.3, the worm-like structure was observed for all three

graphite sizes. The small flakes were the longest and thickest, indicating a lower aspect

ratio. The large flakes were the smallest and thinnest; however, they may have a higher

aspect ratio. At high magnification, the nanosheets from the exfoliated graphite were
observed clearly. There were many hole-like spaces between the nanosheets, which was
caused by the greatly expanded volume.
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Figure 4.3 Microstructure of exfoliated graphite morphology: a) & b), small;
c) & d), medium; and e) & f), large.

To investigate the microstructure of the exfoliated graphite nanoparticles further,
higher magnification imaging was carried out (Figure 4.4). We can observe a porous-like
structure with very straight and polygonal graphene walls that have failed to break apart.

The arrows indicate individual planes of graphite.

This elucidates to the fact that

graphene planes are thin enough to show some flexibility.
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Figure 4.4 High magnification SEM micrographs of exfoliated graphite nanoparticle.

Exfoliated graphite filled polymer nanocomposites were prepared and light

microscopy (LM) was utilized to investigate them (Figures 4.5a-c). The dark spots in

these images are artifacts that developed during polishing.

However, the exfoliated

graphite particulates appear uniformly dispersed (arrow in figure 4.5).

a)

b)

c)

Figure 4.5 Light microscopy micrographs of exfoliated graphite filled polymers,
a) small b) medium c) and large flake, with similar graphite loading level (8 wt%).

In addition to SEM and LM characterization, atomic force microscopy analysis

was performed on exfoliated filled polymer nanocomposites (Figure 4.6).

88

The data

indicated that polymers diffuse between expanded graphene layers and filled the void

space. Figure 4.6 clearly depicts separation of the planes. An average plane separation
of 6-60nm was recorded. This may suggest a possible exfoliation and plane separation
had occurred during polymer curing. An identical phenomenon was observed in silicate

filled polymers.

(a)

(b)

Figure 4.6 Atomic Force Micrographs of the exfoliated graphite filled polymers.

4.3.2 ELECTRICAL RESISTIVITY

As already emphasized, one of the goals of making exfoliated graphite filled
polymer nanocomposites is to develop highly conductive materials without sacrificing

polymers inherent high strength to weight ratio.

Figure 4.7 shows the electrical

resistivities of the exfoliated graphite filled polymer nanocomposites versus the graphite

filler concentration for the three different nanocomposites, large, medium, and small

graphite additives. Lower filler percentages are not presented because they were out of
the detectable range of the instrument used to measure electrical resistivity. Like most
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polymers, the epoxy used for the matrix material is not electrically conductive and its
o
•
room temperature volume resistivity in a dry state is as high as 1.5 Ohm-cm [104]. It is

shown that the electrical resistivity of the exfoliated graphite filled polymers decreases
with increasing exfoliated graphite concentration. The addition of graphite significantly

lowers the resistivity of the polymer with a sharp transition from an electrical insulator to
an electrical semiconductor. At 8 wt% of exfoliated graphite, for all three sizes, the

resistivity for the polymer systems is already nearly four orders of magnitudes lower than

the baseline polymer. When the polymers were filled with 20 wt% of exfoliated graphite,
for the three sizes, the resistivities reached levels that were between six to eight orders of

magnitude lower than baseline. The augmentation of the electrical resistivity can be
attributed to the nanoscale dispersion of graphite nanosheets within the polymer and the
formation of conducting networks.

Figure 4.7 Electrical resistivity of exfoliated graphite filled polymers with different
graphite sizes as a function of the graphite content.
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As can be seen from Figure 4.7, the three sets behave rather differently as should
be expected. The large graphite flake nanocomposites showed the lowest resistivities at
each graphite concentration, followed by medium and small, respectively. The large
flakes also produced the highest rate of decrease in resistivity with initial increase in

concentration.

While the rate of change of decrease for large flakes after 12 wt %

seemed to level off somewhat, the medium and small flake conductivities continued to

decrease at a continually increasing rate. The lowest electrical resistivity values for large,
medium, and small flake were 2, 9, and 36 Ohm-cm respectively. The trends show that

the electrical resistivity decreased along with increasing the particles size. Clearly, the
electrical conductivity critically depends on how the graphite is processed, exfoliated,

and dispersed in the polymer matrix.

The differences in behaviors of electrical

resistivities can be mainly attributed to the fact that the aspect ratios of the three different

graphite sizes differ, since the electrical properties of carbon based materials increases

with grain and crystallite size.

In our case, the particle size in the nanocomposites

represents the graphene domain that forms a conducting network, responsible for
property improvement.
4.3.3 THERMAL PROPERTIES

4.3.3.1 THERMAL CONDUCTIVITY

By analogy to the electrical properties data, the thermal properties of the additive
filled polymers should be highly improved after the addition of exfoliated graphite

because graphite has a high thermal conductance.

After exfoliation, a lower

concentration should be needed to reach the high thermal conductivity. This will expand

the area of applications of polymers where a quick thermal release is needed. Figure 4.8
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shows the thermal

conductivities of the

exfoliated

graphite

filled polymer

nanocomposites versus the graphite filler content for the large, medium, and small flake

graphite.

As with the electrical conductivity, it can be seen that the thermal

conductivities for the three particulate sizes increase with higher graphite concentration.

The data seems to illustrate a different percolation threshold for each composite system.
The large graphite flake polymers have a threshold at 3 wt%, while medium and small
have thresholds at 6 and 10 wt% respectively. This is because the larger graphite flakes
have larger aspect ratios; higher aspect ratio nanoparticles have a better ability to form a

conducting network with less material. With the addition of just 4 wt% of large particle
graphite into the polymers, the thermal conductivity was 0.868 W/m-K which is nearly a

300% increase over the baseline polymer (0.219 W/m-K).

The large flake systems

increase nearly linearly with increasing graphite content while both medium and small
systems increased at an increasing rate. At 20 wt% graphite the three exfoliated graphite

filled polymers had very similar thermal conductivity values. At 20 wt%, all of the series

were about 4.3 W/m-K, about 2000% increase over pure polymer. These results show
that the mean carbon free path and conductive network produced by adding the graphitic

filler strongly improves the transport routes necessary for high thermal conductance.

The best results for the thermal conductivity of exfoliated graphite filled polymers
were compared against carbon nanofiber (PR-24) composites and high heated-treated
nanofiber (PR-24-HHT) composites thermal conductivities found in literature [105] and

are shown in Figure 4.9. The large flake polymers proved to be superior as a conductive
filler than carbon nanofibers or HHT carbon nanofibers.

The maximum thermal

conductivity of 4.3 W/m-K was 1031% higher than the carbon nanofiber composites and
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53% higher than the HHT carbon nanofiber composites.

Exfoliation of the graphite

flakes into sheets produces a highly conductive material with a higher aspect ratio than

the typical carbon nanofiber. This explains why the thermal conductivity is greater for
exfoliated graphite.

Figure 4.8 Thermal conductivity of exfoliated graphite filled polymers with different

graphite flake sizes as a function of the graphite content.
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Figure 4.9 Thermal conductivity comparison of graphite flake filled polymers
versus carbon nanofiber and HHT carbon nanofiber composites.

4.3.3.2 THERMOMECHANICAL ANALYSIS

Figure 4.10 shows the coefficient of thermal expansion (CTE) of the exfoliated

graphite filled polymer nanocomposites with different particle sizes as a function of the
graphite content. The CTE results reveal almost identical curves, all decreasing with

increasing graphite content, yet they are just offset from each other. The exfoliated
graphite is able to lower the CTE’s of the polymer simply through the rule of mixture.
Exfoliated graphite has a lower CTE value than the pure polymer, mixing them together

will create a system that results in a compromise between the two materials. The large
flakes give the lowest CTE values at each graphite loading level, followed by medium
and small, respectively. This can be attributed to the exfoliated graphite phase whereby

interfacial surface area-to-volume ratio increases as the flake size gets larger, and thus the
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aspect ratio. The CTE of the large flake below the transition temperature, with only 4
wt% graphite filler, achieved a decrease to 57 pm/(m-°C) which is a 25% decrease from
the baseline polymer (71 pm/(m-°C)). This demonstrates that at low graphite loading, the

polymer with the small nanoparticle filler lowers the expansion effects of the system.

Figure 4.10 CTE measurements of exfoliated graphite filled polymers with different

particulate sizes as a function of the graphite content.

4.3.4 MECHANICAL PROPERTIES

4.3.4.1 THREE-POINT FLEXURAL TEST

The measurements for flexural modulus and strength of the exfoliated graphite
filled polymer nanocomposites versus exfoliated graphite concentration are shown in
Figure 4.11. In general, the flexural modulus increases with the increase of graphite

content for all three graphite size systems within an acceptable standard deviation, which
is the typical characteristic for inorganic filled composites [106]. The presence of rigid
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graphite sheets increased the modulus of the polymer. The flexural modulus of the small
flake filled polymers with a graphite content of 20 wt% is 3.84 GPa which is a 60%

increase from the baseline polymer (2.40 GPa). It is interesting to note that with the
initial addition of all three graphite sizes there seems to only a slight increase in modulus,
and just as seen with electrical conductivity, there seems to be threshold for graphite

content after which the modulus increases at a faster rate.

On the other hand, the flexural strength for all three graphite sizes showed their
largest increase in strength with minimal graphite content. The flexural strength of the
large flake polymers with 0.1 wt% of graphite filler achieved the greatest increase of
0.172 GPa which is an 87% increase from the baseline neat polymer (0.092 GPa). From

this point, further increase of graphite content causes a decrease in flexural strength

reaching as low as 0.0364 GPa for small particle with 12 wt% graphite, which is a 153%

decrease from the pure polymer. This trend of a decrease in strength is mainly due to the

poor mechanical strength of graphite crystallites because of their easy shear and glide of
001 plane of graphene layers. Conversely, since the filler was not functionalized, there is

a poor adhesion between filler and polymer which may contribute strongly in low

strength properties of the overall exfoliated filled polymer. It might be possible that the
monomers and polymers might not be able to diffuse into the closed cavities inside the
exfoliated graphite. This phenomenon may cause the graphite sheets around any cavities

to overlap each other and form an accumulation during processing. The aggregates of

graphite sheets may result in poor mechanical properties of the polymer systems [81].

It has been reported that strength decreases from 3% to 175% below the baseline

values with the addition of graphite filler into a polymer [7,77,84].
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This drop in

mechanical properties seems to be related to processing conditions, a shorter sonication
time, may lead to bundles of poorly exfoliated groups of graphite rather than dispersed.
These bundles would contribute to the lower strength and modulus because cracks can

easily initiate and propagate through the area where there is virtually no bond with the
polymer matrix. Typically, if the exfoliated graphite is well dispersed throughout the

matrix, a rise in the flexural modulus should be prevalent.
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Figure 4.11 Flexural strength and flexural modulus of the exfoliated graphite filled

polymers with different graphite sizes as a function of the graphite content.
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4.3.4.2 DYNAMIC MECHANICAL ANALYSIS

The dynamic mechanical properties were also evaluated on the three types of
composites in multi-frequency three-point bending. The loss modulus (E”) and storage
modulus (E’) at 30°C for the three exfoliated graphite filled polymer nanocomposites sets
at different filler contents are shown in Figure 4.12 and Figure 4.13. The trends for both

the storage modulus and loss modulus are very similar. E” and E’ increase with filler

content for all sizes. Hence, the exfoliated graphite filler has a net reinforcing effect on

the polymer matrix, which was expected. However, the increase for the large flake
composites is more significant than the other two when the loading gets higher. There is
almost a six time increase in E” and E’ at 20 wt% filler content for the large flake

compared to a three time increase in E’ and a four times increase in E” for both medium
and small flake. At 12 wt% graphite, the increase in E” and E’ for large flake are

estimated to be 450% and 200% respectively which is much more significant than the

45% increase in modulus found from the flexure tests. Such a significant improvement in

E” and E’ over E may be attributed to the size and strain rate effects of the nanoparticles.

The specimens prepared for DMA testing are slightly bigger than those prepared for
three-point flexural tests. E” and E’ were measured under cyclic loading with a strain

rate of 1 Hz, and E was measured at a quasi-static rate of 0.02 in/min. Despite these
findings, the results show similar trends between the two types of tests, each systems

modulus increases with the increase in filler content.
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Figure 4.12 Loss Modulus of the exfoliated graphite filled polymers at 30°C

Storage modulus at 30C (MPa)

with different mesh sizes as a function of the graphite content

Figure 4.13 Storage Modulus of the exfoliated graphite filled polymers at
30°C with different mesh sizes as a function of the graphite
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4.3.5

TRIBOLOGICAL PROPERTIES

It seems that the increase of the exfoliated graphite concentration from 0 to 12%
led to a significant decrease of the wear rate among the three sets of samples (Figure
4.14). For each of the three sets, the addition of graphite resulted in a nearly linear

decrease of the wear rate.

The tribological properties of these materials not only

depend on the exfoliated graphite concentration but also on their morphology and
interfacial characteristics.

The results indicate that the large graphite flake filled

polymers provided the most wear resistance followed by the medium flake graphite.

From these results it can be concluded that the higher aspect ratio of the large flake
graphite directly contributed to greater wear resistance.

Another influence on these

results comes from low thermal expansion and increase in thermal conductivity that is
achieved by the higher aspect ratio particles.

The greatest concentration of graphite

particles coupled with the highest aspect ratio particles produced the most wear resistant

material.
High thermal conductivity and reduction in thermal expansion play a crucial role

in aiding the wear resistance of a material. Nearly all of the frictional energy produced

from sliding friction is dissipated in the form of heat.

This heat dissipation is a

cumulative and continuous process; therefore temperature gradients will form in the
contacting bodies, with the highest temperatures forming at the contact surface. The
overall temperature rise in the bodies will be determined from the rate of input of

frictional energy, the thermal properties of the contacting bodies, and the environment.
When the temperature of a sliding body is increased, several effects may occur: its

mechanical properties will change, its rate of oxidation may increase, and phase
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transformations may take place. Having a lower thermal expansion material embedded
within the matrix that will dissipate the heat away from the surface will reduce the

destructive effects that are caused by frictional sliding and thus reduce the wear.

Figure 4.14 The effect of graphite concentration and particle size on the wear rate.

To further understand the wear mechanisms, microscopy characterization was
carried out. The typical worn surface of the baseline epoxy material is shown in Figure

4.15. Wear scars were observed. However, the worn surfaces for exfoliated graphite

filled polymer nanocomposites exhibit noticeable carbon based friction films on the
surfaces (Figure 4.16). As the exfoliated graphite concentration increases, the carbon
surface area coverage increases and causes more film built up. This was true for the three

sets of material.

A large quantity of graphite in the film layer decreases the shear

strength of the near-surface region, due to the ease of shear caused by the graphite’s
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unique lamellar structure, which reduces the coefficient of friction [19] and increases the
lubricating effect of the film thereby facilitating a greater resistance to wear.

A
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Figure 4.15 Light microscope micrographs of a worn surface for the baseline epoxy

b)

a)
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d)

c)

Figure 4.16 Light microscope micrographs for the small graphite flake filled polymer

(a) 0.1 (b) 1 (c) 4 (d) and 12 wt. % exfoliated graphite.

4.4

CONCLUSIONS
To overcome the current polymer limitations, exfoliated graphite filled polymer

nanocomposites were fabricated and proven to significantly enhance the physical and

tribological properties of the base polymer.

A lightweight, highly conductive polymer was successfully made by monitoring
the dimensions and degree of exfoliation of the filler. We investigated different filler
concentration ratios from 0 to 20%.

The electrical resistivity of the polymers was

measured and showed a transition from an insulating to a conducting polymer. There

was an improvement in the electrical resistivity by as much as eight orders of magnitude.
Similarly, the thermal conductivity demonstrated great improvement, nearly 2000%

increase compared to the base polymer. The excellent conductivities achieved in the
polymers can be attributed to the dispersion of graphitic sheets throughout the polymer,
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forming a unique conductive network. The increase of exfoliated graphite concentration

also demonstrated a reduction in the CTE values due to the rule of mixture.

The electrical and thermal conductivities achieved by the exfoliated graphite filled
polymer nanocomposites were proven to be higher than carbon nanofiber and HHT

nanofiber based polymer composites. Not only can exfoliated graphite produce higher

conductivities in polymers, they are also significantly more cost effective and easy to

manufacture than current methods of manufacturing nanofibers or nanotubes.

The addition of exfoliated graphite gradually increased the modulus of the base
polymer after the percolation threshold was achieved. However, the strength seemed to
reduce within an increase in concentration due to slip in the graphite planes and to a lack

of interface between graphite and polymer.

It was demonstrated that an increase in exfoliated graphite concentration led to a
significant decrease in the wear rate. For each of the three sets, the addition of graphite
resulted in a nearly linear decrease of the wear rate. Higher aspect ratio of the large flake

graphite directly exhibit both high thermal, electrical and modulus properties coupled
with low thermal expansion properties contributed to greater wear resistance.

Exfoliated graphite is suggested as nanometric filler for polymers to be applied in

advanced multifunctional applications. The formation of the unique conductive network
makes exfoliated graphite filled polymers ideal for systems where electrical and thermal

transport is critical.

For applications where the mechanical properties need to be

optimized, further functionalization of the graphite before processing may enhance the
adhesion between graphite and the polymer and thus improve its performance.

The

lubricating capabilities caused by the ease of shear of graphite coupled with the high

104

thermal conductivity and low thermal expansion make exfoliated graphite attractive for
systems in need of improved friction and wear performance. The addition of exfoliated

graphite into polymers has shown very attractive properties, and in some cases has been
shown to have superior properties to even carbon nanofiber filled polymers.

Exfoliated

graphite can dramatically improve the properties of a polymer at a fraction of the cost of
its carbon competitors and is undoubtedly the easiest to process.

105

CHAPTER V
CONCLUSIONS

Additives for composites can provide superior property enhancement as they

become smaller, and thus, have larger aspect ratios. In recent years, composites have
moved from utilizing micrometric to nanometric sized additives.

Nanometric sized

additives can offer much higher aspect ratios and greater surface energy. Higher aspect
ratio particles are more efficient in creating a connecting network of particles that is

imperative for producing a higher electrical and/or thermal conductivity. Graphite is an
excellent filler material for composites because of its attractive properties and

characteristics. The process known as “exfoliation” can further enhance these properties
by transforming the micro structure of graphite. The exfoliation process expands and

separates the graphitic planes by a thermal vaporization of an inserted intercalant. Once
expanded, exfoliated graphite can be highly sheared and sonicated until an extremely

high aspect ratio and nanometric sized material is produced. The primary focus behind
most advanced composites is the ability to maximize the material’s physical properties.

The addition of exfoliated graphite into an epoxy matrix allows for this property
improvement without adding weight.

Not only can exfoliated graphite dramatically

improve the properties of a polymer, but it can also achieve this at a fraction of the cost
of its carbon competitors, such as nanotubes or nanofibers, and is undoubtedly the easiest

to process.
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In this study, different areas concerning exfoliated graphite have been
investigated.

The two main areas that were investigated were the processing of the

exfoliated graphite flakes and implementation of these flakes as a property enhancement
additive to create multifunctional polymers. The processing of exfoliated graphite was

studied in order to analyze the growth mechanisms within the graphite nanoflakes. This

study analyzed the mechanisms that maximize the expansion of the graphite flakes.
Maximum expansion will result in full plane separation, and thus the largest possible

aspect ratio of the exfoliated graphite particles. An ideal additive for composites would
be a single plane of carbon atoms from graphite. This can be most closely achieved by
maximizing the expansion of the graphite planes during the exfoliation process. In order

to maximize the expansion of graphite during the exfoliation process, a parametric study

using the numerical model proposed was performed, analyzing the mechanisms of
expansion of a single gas pocket.

Some of the key parameters that were found to

influence the gas pockets final size are the heat flux into the system and initial geometry
of the gas pocket. The results of this study have shown that higher gas pocket pressures,

before the breakaway of the planes, lead to greater expansions. It was deduced that
graphite particles that most closely resemble a perfect graphitic structure, with smaller
defect sizes, will result in greater levels of expansion. Limiting the size of the defects
within graphite particles, while maintaining the same accumulative volume of defects,

will lead to higher aspect ratio particles after expansion. This can then lead to enhanced
properties when implemented as a filler material for composites.

To support these

conclusions made, a study could be performed to test whether graphite samples with
smaller voids and defects results in the greatest expansion ratios.
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Exfoliated graphite has been successfully integrated with an epoxy resin matrix to

improve the physical properties of the neat resin.

A successful integration of two

independent phases is imperative to the effective translation of superior properties of the
exfoliated graphite filler into a physically superior nanocomposite. The properties of this
next generation advanced composite can be tailored according to the degree and manner

of improvement through the introduction of exfoliated graphite.

Exfoliated graphite

offered improvements to the thermal, electrical, mechanical, and tribological properties
of the neat epoxy resin. To continue research in these materials, a method can be devised

and tested to enhance the mechanical properties without compromising any of the other
properties. Functionalizing the exfoliated graphite prior to mixing with the polymer may

help with adhesion between the nanoparticles and matrix. The ability to achieve better

mechanical properties will increase the amount of tailor-ability in these materials. This

would truly expand the amount of applications these materials could be applied to.

The performance of exfoliated graphite as an enhancing filler was proven to be
dependent upon the particles aspect ratio and the concentration within the matrix. The

first point confirms the basis for performing the numerical simulation; higher aspect
ratios will lead to superior properties.

The numerical solution helped identify the

mechanisms during the exfoliation process that will lead to the greatest expansions and

thus higher aspect ratios.

There was a similar trend among most of the properties

measurements, and was especially noticeable for the electrical resistivity, thermal

conductivity, and wear rates. The trends showed that increasing the size of the exfoliated

graphite particles or the aspect ratio, generated an improvement in that particular
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property. Higher aspect ratio graphite flakes results in a lower percolation threshold
necessary for forming a conducting network.
This study also demonstrated that as the amount of exfoliated graphite added is

increased, the performance of the resultant nanocomposite improves. This was seen in

the electrical, thermal, mechanical, and tribological properties. There appears to be a
point at which further addition of exfoliated graphite provides minimal physical
improvement to the epoxy matrix and can cause adverse affects to the nanocomposite due

to the inability to create a homogenous nanocomposite.
Exfoliated graphite nanocomposites have countless possible applications due to
the unique multifunctional attributes it provides the base polymer and its ability to be
tailored.

Currently most applications being proposed, utilize the high electrical or

thermal conductivity that exfoliated graphite provides, but many other research areas are
being investigated for this material.

Other carbon materials, such as nanotubes or

nanofibers, have been proposed for the property enhancement of polymers, however, they
do not provide a significant or, in some cases, any improvement, over exfoliated graphite

that would justify their highly inflated price tags compared to those of exfoliated

graphite.

Exfoliated graphite is the preferred, inexpensive and simple alternative to

create very attractive multifunctional and tailor-able polymers.
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APPENDIX A

DESIGN AND FABRICATION OF A CLIMATE TRIBOMETER

Tribology is the science and technology associated with friction, lubrication, and
wear. More precisely, it is the science and technology of interacting surfaces in relative

motion with one another. Commercially available test rigs using the pin-on-disk set up
can be rather bulky and are not compatible with vacuum or other environmental effects
such as gas or humidity. Therefore a custom test rig using the pin-on-disk geometry and

having these unique features was designed and built. The device is simple, compact and
may easily be built in a laboratory. The entire device is shown in Figure A.l. To the far
left of the figure is the main hardware of the system sitting atop a supportive steel table.

The black box in the middle of the figure houses all of the electrical components. The
computer on the right is used for data acquisition and data analyses.

Figure A. 1 Climate tribometer and components
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The system uses a stationary pin with a metal sphere tip to make contact with a
rotating disk. The rotating disk is typically the particular material of interest in which we
would like to measure the coefficient of friction. The measurement of the coefficient of

friction is the tangential force divided by the normal force being applied to the surface as
seen in Figure A.2.

■
Figure A.2 Forces for coefficient of friction calculation

This Tribometer uses a rotary motor underneath the

system to transfer motion from a shaft to the disk. The
rotating motion transfers a tangential force to the metal

sphere tip and through the pin. The pin supplies the

normal force acting downward on the test specimen.
This force can be varied by changing the weight that is
loaded onto the pin. The available weights are 25, 50,
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Figure A.3 Load cell and tone arm

75, and 100 grams. The Tangential Force (Ft) transmitted to the pin is then transmitted to
a load cell that makes perpendicular contact with the tone arm shown in Figure A.3.

After calibration, the Honeywell force transducer connected to the load cell will read the
tangential force, Ft; directly. With this measured value, Ft, along with the known applied
load to the pin, Fn, is then used to calculate the Coefficient of Friction (p) using the

formula from Equation A.l.

As p increases the force that is being applied to the

transducer also increases proportionally.

(A.l)

Ft/Fn = p

The main testing components of the system are enclosed in a specially designed
chamber that is air tight to allow a vacuum to be applied or gas and humidity to infiltrate

the chamber without being lost. To accommodate for this, a unique feed-through collar is
used to pass through any electrical connections or piping without compromising the
vacuum seal. A specially designed glass bell jar sits on top of the feed-through collar and
encloses the testing components. This glass bell jar can easily be removed to access the

tribometers components or to change samples, etc.

MACHINING

A number of custom parts needed to be machined for the unique design of this
climate tribometer.

Figures A.4-A.6 shows all the custom parts that needed to be

machined for this devise. The two dimensional drawings for all the machined parts is
located in Appendix C. Part A in Figure A.4 is the base plate fabricated in order to

mount the feed-through collar and main components of the tribometer to the steel table

and allow a sheet of visco-elastic dampening material in between the base plate and the
table. The base plate also acts as a rigid mount for the ferrofluidic device. The base plate
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was machined from 1 in thick aluminum and was cut 2 ft by 2 ft. Four through holes

were drilled in the corners to secure the base plate to the table. Another four through

holes that have been threaded were added to secure the base plate to the feed-through
collar. Two holes were drilled on the top side of the base plate to a depth of 0.75 in and
threaded in order to attach the major components of the tribometer. A through hole, with
a diameter slightly larger than 0.75 in, was created for the ferrofluidic shaft. Six threaded

holes were created equally spaced apart and cut to a depth of 0.75 in on the bottom side
of the base plate around the ferrofluidic shaft hole in order to mount the ferrofluidic. The
surface of the base plate where the feed-through collar sits needs to be handled with extra

care. Any scratches or cuts into the surface in that area could disrupt the vacuum effect
on the system.

Figure A.4 Machined parts for the tribometer system
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Several different mounts needed to be machined for various components of the
climate tribometer. A horizontal mount, shown as part B, was machined in order to

support the inside assembly containing the x and z directional slides, etc. The piece was
machined from 1 in thick aluminum and cut to 12 in by 1.75 in and has a curved end of

radius 22 in on its long side in order to match the inside contour of the feed-through
collar and to sit farther back in the chamber. Two through holes were drilled near the
edges of the long side that match up with the two holes on the base plate to secure this
mount to the base plate. Two more holes were made near the long straight edge to attach

a vertical mount. These holes were counter bored from the bottom side of the mount to

allow the screw heads to sit inside them without interfering with the base plate. Finally,

channels were milled into the bottom of the mount to ensure that no air is trapped while
the vacuum is being applied. A vertical mount needed to be made that would be bolted
up-right to the horizontal mount previously mentioned, and the z directional slide would

be secured to, this is part C in the figure. This mount was also machined from 1 in thick

aluminum and has a rectangular geometry that was cut to dimensions of 10.5 in by 6 in.
Two holes were drilled and threaded 0.75 in deep into the bottom of one of the shorter

sides to bolt to the horizontal mount. Three through holes were drilled and threaded on
the face of the mount that aligned with the z directional slide so that it could be fastened.
An L-bracket was constructed to connect the tone arm and mounts to the x

directional slide. Part D in the figure is the vertical face of the L-bracket that sits flush
with the face of the x directional slide, and the tone arm mount sits on top of the

horizontal face of the L-bracket.

The L-bracket was constructed in two pieces, by

machining the vertical and horizontal faces separately and then bolting them together.
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The vertical face of the L-bracket was cut from 0.5 in thick aluminum to the rectangular

dimensions of 4.4 in by 3.6 in. Two through holes were drilled in the face of this piece to
bolt it to the x directional slide. Two more through holes were drilled on the left side of
the face and threaded so that the load cell mount could be attached. Two holes were

drilled and threaded 1.25 in deep into the bottom side of the part to connect the horizontal
face of the L-bracket.

Channels were milled into the back face that contacts the x

directional slide to prevent trapped air that may only escape during higher vacuums. The
horizontal part of the L-bracket, part E, was cut from 0.5 in thick aluminum to the

dimensions of 4.4 in by 4.1 in. Two through holes were drilled into the bottom to attach

it to the vertical piece of the L-bracket with bolts. A channel was milled out to constrain
the tone arm bearing support and restrict it to moving in a unidirectional manner.

Elongated holes were milled through the center of this channel to bolt the bearing support
to the L-bracket. The purpose of this channel is to allow calibrating of the tone arm. The

bearing support can be adjusted to be perpendicular to the contact point of the load cell,
once in the desired position, it can be bolted into place.

A part was machined to mount the load cell and to offset from the L-bracket,
shown as part F. The right side of this mount was notched and a slit was milled into it to
bolt it to the L-bracket. Channels were milled along the majority of the length of the

mount to conform to the load cell. A fastener was machined for the load cell to secure it

to the load cell mount from the back, part H in Figure A.5. Figure A.5 is a magnified
view of the highlighted region in Figure A.4. This fastener screws onto the back of the
load cell tightening it against the mount. This piece consists of a shaft that was drilled

and threaded to fit through the back of the mount to reach the load cells threads. The
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other end has a larger diameter and was textured for a better grip to screw the fastener

tight. The load cell tip that makes contact with the tone arm also was machined. This tip,
shown as part I, was a small cylinder that was drilled and tapped to screw onto the load
cell and the other end was rounded to create a point contact with the tone arm.

Two parts were machined to hold the test samples used for testing. The first is the
pin holder and is part J in Figure A.5. This part was machined out of a half an inch rod.
This parts outer diameter needed to be turned down to slide in the opening of the tone
arm. One ends diameter tapers smaller and a lip was left on the other end to hold it on

the tone arm. The inside of this part was drilled through and tapped about three fourths
of the way down. A small lip was left on the inside near the tapered end to hold in place

the test sample after it has been inserted from the top. The pin plunger shown as part K
was machined and is used to secure and push the sample up against the lip of the pin

holder and to hold the weights used for the normal force. This part consists of a small
rod that is threaded on the outside to mate with the pin holder. One end of this part has a

notch cut out of it for a screw driver so that it can be tightened up against the sample.

The weights that slide onto the pin plunger and produce the normal force for the
calculation of the friction coefficients also needed to be machined. Four weights were
made, 25, 50, 75, and 100 gram. These parts were made from 1 inch stock aluminum

rods. One of the weights is shown mounted on the pin plunger as part G in Figure A.4.
Each of the weights has holes drilled through in their centers with close tolerances to
slide onto the pin plunger. The rods were cut and reduced in height on a lathe machine
until they were reduced to the proper weight.
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Figure A.5 Zoomed view of load cell and sample area

A number of parts needed to be machined to create a mount for the motor that

drives the system. The motor needs to be in line with the base of the ferrofluidic device,
so it needed to be elevated, yet firmly connected to the bottom shelf of the tribometers

supportive steel table. A base plate was fabricated shown as part L in Figure A.6 to
rigidly connect it to the shelf. This rectangular part was cut from 0.5 in thick aluminum.

Four through holes were drilled for bolts to rigidly attach it to the metal shelf. Two more

holes were drilled through the part and threaded near the center of the plate to attach an

L-bracket, part M in the figure. The L-bracket used was already cut to the geometrical
specifications. Modifications made to the L-bracket were the two slits on the horizontal

side to allow movement for adjustments later. These slits were made using a milling

process to remove the material. Two through holes were drilled into the vertical face of
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the L-bracket to allow bolts to attach it to the vertical plate, part N. The vertical plate
was cut from 0.5 in aluminum and its purpose is to raise the motor to the desired level.

Two holes were drilled through and threaded to connect it to the L-bracket. Two slits
were made on the top portion of the vertical plate to allow vertical adjustment of the

motor after the entire assembly has been put together and installed. These slits were

created using the same milling process used for the L-bracket slits. The motor holder,

part O, is connected using these slits. This part was cut from 1 in aluminum. The critical
geometry is the inside grips of this part which was machined to match the geometry of
the motor. When slid onto the motor it should be a tight fit. Two holes were drilled
through and threaded to connect the motor holder to the vertical plate. Two more holes

were drilled and threaded 1.6 in deep on the face of the holders “hands” to attach the a

plate, part P in Figure A.6.

This part is a small plate machined from 0.5 in thick

aluminum and has two through holes on either side for the bolts to connect it to the motor

holder. These last two parts, when connected with bolts, acts as a clamp that holds the

motor in place. A small strip of visco-elastic material was inserted between part P and
the motor and part O and the motor to avoid damaging vibrations.
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Figure A.6 Machined parts for motor mount assembly

ASSEMBLY
The assembly of this specially designed climate tribometer began with the
hardware or mechanical components of the system. The steel table is the main support

for all the components, most of the components sit on top of the table and the motor is
mounted below the table on a metal shelf. The steel table needed to be slightly modified
to accommodate all the components properly. Holes of 0.375 in diameters were drilled in

each of the four corners of the table to bolt the visco-elastic damper and base plate atop it.

A large 5.5 in diameter hole was cut out of the table top for the ferrofluidic device. The
purpose of the ferrofluidic device is to transfer the motion of the motor without
compromising the integrity of the vacuum seal. These five different holes were also cut

into the visco-elastic damper for the same reasons. The visco-elastic material was placed
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on top of the steel table aligning the holes that were just mentioned. Then the aluminum

base plate was set on top of the visco-elastic material, again aligning the appropriate

holes. Four bolts were set into the comer holes to go through the base plate, visco-elastic
material, and the steel table top. Washers and nuts were installed on the bottom side of
the table. These bolts were only tightened enough to put a fair amount of pressure on the

visco-elastic material, but not enough to start to drastically compress the material. If the
visco-elastic material is compressed too much between the base plate and the table it will

defeat the purpose of it by reducing its dampening effect. The ferrofluidic device was
installed next so that the motor mount assembly could be aligned and installed. A section

of the bottom surface of the base plate near the hole for the ferrofluidic shaft needed to be

ground down a couple of millimeters for the ferrofluidic to fit properly. An o-ring was
placed between the ferrofluidic and the base plate to ensure the vacuum seal. The shaft

of the ferrofluidic was inserted into the hole at the bottom of the base plate. The holes in

the collar of the ferrofluidic were aligned with those made in the bottom of the base plate.

Bolts were inserted into these six holes and hand tightened. The tightening of these six
bolts is crucial because if they are not all tightened the same amount, the shaft will not be
perfectly centered in the base plate hole and will be offset. This will disrupt the entire

alignment of the system. As the bolts were tightened, a level was used to ensure the shaft
was perpendicular to the floor of the base plate, and a visual inspection to ensure there
was equal clearance around the shaft and the hole in the base plate. A large pulley to

transfer the motors motion was installed on the bottom of the ferrofluidic shaft and was

secured in place with a set screw.
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With the ferrofluidic and the pulley now in place, the motor could now be aligned
and installed. First, the smaller pulley was installed on the motor shaft and secured in

place with a set screw. Then the entire motor mount assembly and motor were placed on
the bottom shelf of the steel table and moved around and adjusted until the pulleys were
aligned by height and a proper distance was found to ensure that the drive belt would be

tight. Once the desired location was found, four holes were drilled through the bottom of
the steel shelf matching those in the base plate of the motor mount assembly. The entire

motor mount assembly was then bolted to the steel shelf. A drive belt was placed around
the two pulleys, and because of the slits in the L-bracket of the motor mount assembly,

those bolts could be loosened to allow the system to move and tighten the drive belt.
The feed-through collar, part 1 in Figure A.7, was placed on top of the base plate

and centered. A large o-ring that was placed under the feed-through collar to keeps the
vacuum seal in tact. Four clamps were spaced around the feed-through collar on the
bottom lip, bolts through the clamps and screwed into the base plate secured the feed
through collar to the base plate. The sample holder shaft connector, part 2, was slid over

the ferrofluidic shaft with a tight fit. A set screw aligned with a channel in the shaft

secures it in place. After the sample holder, part 4, is screwed on to the sample holder
base, part 3, through its bottom, this assembly can be mounted on the shaft connector by

the three small pegs. A marker etched in the side of the three parts shows the proper
alignment of these parts together.
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Figure A.7 Components inside the tribometer chamber

Part 5 is the vertical mount for the z directional slide and was bolted to the

horizontal mount, part 6, through the bottom.

The horizontal and vertical mount

assembly was bolted to the base plate. A small amount of lubrication was added to the
screw of both of the directional slides to assure smooth movement of the sliders. The z

directional slide, shown as part 7, was bolted to the vertical mount. A z slide to x slide

adapter plate which is represented as part 8 was bolted to the z slide and this allowed the
x directional slide, part 9, to be bolted to this plate and thus the z slide. The L-bracket

mount plate, part 10, was then bolted to the front face of the x directional slider. The Lbracket parts, 11 and 12, were bolted together then bolted to the face of this mount.

The tone arm assembly was assembled next. The bearing support, part 13, was

placed in the channel cut into the horizontal face of the L-bracket. Bolts were inserted
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from the bottom and were hand tightened only to allow for adjustments later. A bearing

was fitted in the hole on the top of this part. This bearing allows the tone arm to rotate

freely. Next, the tone arm mount, part 14, was fitted on the protruding bearing which
also serves as a connection between these two parts.

Now the tone arm could be

installed. First small bearings were inserted into either side of the hole in the center of
the tone arm. The tone arm which is shown as part 15 was set into place with pivot pegs,
part 16, that were inserted on either side of the tone arm mount part and protrude into the

tone arms bearings. Spacers were inserted in between the tone arm and one of the insides

of the tone arm mount while the pegs were inserted to assure the tone arm was centered
properly. The entire assembly was then adjusted by sliding the bearing support part in
the channel of the L-bracket to make sure the tone arm was perfectly parallel to the

vertical face of the L-bracket. This was checked using a dial indicator that has accuracy
of one thousands of an inch.

The load cell mount, part 17, was attached to the vertical face of the L-bracket
using two screws. The load cell was attached to the load cell mount with the custom
fastener and was hand tightened. The load cell was positioned until the tip, part 18, was

directly in the center of the tone arm hole, where the sample is held. While the tone arm

is still in a parallel state with the L-bracket, the tip of the load cell was adjusted to make
contact with the tone arm as it is parallel. This will assure that the load cell tip and the
tone arm is always in 90 degree contact. A nut is tightened on the back of the load cell
tip to lock it in place.
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Figure A.8 Components outside the tribometer chamber

All of the components that are assembled on the outside of the feed-through collar
can be seen in Figure A.8. Part 1 is a t-section adapter which was bolted to one of the
flange openings of the feed-through collar.

Between any two flange connections, a

copper o-ring was inserted. This o-ring compresses to the contour of the two flange faces
as the bolts are fastened, this assures the integrity of the vacuum seal. Part 2 is a pipe

adapter with a 90 degree bend. Two t-section adapters like part 1 were connected on top
of part 2 to add more access ports for equipment or wiring. Part 3 is an inlet gas valve for
the addition of any foreign gas or gas and air mixtures. Part 4 is an o-ring flapper valve
for the control of the humidity inlet. Part 5 is the high vacuum gate valve installed for the

vacuum system. An adapter piece was bolted to the outside face of the gate valve. This

allows the turbomolecular pump to be installed, part 6. A right angle block valve was
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secured to the outlet flange of the turbomolecular pump with an o-ring and a clamp.
Another right angle block valve, part 8, was installed on part 1 using a flange adapter.

The flange adapter was bolted to the t-section and the right angle block valve was secured
to the adapter with an o-ring and a clamp. Part 9 is an absorption trap and part 10 is a

forevacuum pump. A schematic to illustrate how the vacuum system works and is set up
is represented in Figure A.9. Flexible metal tubing and clamps connected all of these

components in series. The forevacuum pump is used to initially increase the vacuum
within the chamber.

At a certain pressure the turbomolecular pump takes over and

further increases the vacuum to the desired pressure.

Figure A.9 Schematic of vacuum system
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Referring back to Figure A.8, part 11 is a fan that was placed in the chamber; the

electrical connections were attached to a special electrical feed-through flange that was
bolted to a open port on the feed-through collar. Finally parts 12 and 13 are different
pressure sensors that were bolted on to the t-section to monitor the pressure within the
chamber during operation. Parts 14, 15, 16, and 17 are solenoids which control the four

different pneumatic valves. With the exception of the gate valve solenoid, they were all

screwed directly into the valves in the appropriate locations, using Teflon tape to
maintain the vacuum. The gate valve solenoid was mounted on top of the gate valve and

was connected to the gate valve using two plastic tubes. All of the solenoids needed a

connection to an air supply. A schematic of all the plastic tubing for air, gas, humidity,

or a combination of any of the three is shown in Figure A. 10.
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air

Figure A. 10 Schematic for the gas hose lines

As can be seen, all of the solenoids for the four valves have a direct connection to

the air line. Four separate solenoids labeled as dry gas, air, nitrogen, and humidity in the

figure, are used to control and direct the flow of air and nitrogen gas throughout the
system. These solenoids were mounted in the back of the electrical component housing

box.

These solenoids can be electrically opened or closed and are controlled by a
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computer. A humidity box is also shown in the figure. This was a specially designed

box made to hold and encapsulate the humidifier. The top of this Plexiglas box is hinged
and can be opened to access the humidifier for possible maintenance. The edges of the
box have a strip of weather sealant around it and the top is clamped in place when shut.
This ensures that there will be no humidity escaping the box why in use. Pure air enters

the humidity box and pushes the humid air through the large plastic tubing to the o-ring
flapper valve where it may enter the chamber.

Several components for the tribometer system need an electrical connection for
operation. The devices that need to be changed in order to customize the environment

were connected to a National Instruments SC-2062 8 channel relay board. This allows all

of these devices to be controlled using the main computer.

The devices that were

connected to this data acquisition board were all the valve solenoids, all the gas flow
controlling solenoids, the humidifier, and the fan. A schematic of all of these devices
connected to the relay board is shown in Figure A. 11.
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Nl SC-2062

ry gas
solenoid

Air solenoid

Humidity
solenoid

Nifrogeh
solenoid

Humidifier

Figure A.l 1 Schematic for the electrical wiring to the 8 channel relay board

As can be seen from the figure there are a few unique features about the wiring.

The humidity solenoid and the solenoid for the o-ring flapper valve are connected to the
same relay. This is acceptable because they both need to be opened at the same time for
the humidity component to work. Also the two solenoids for the two right angle block
valves are connected to the same relay; however they were connected with opposite
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polarity. The reasoning for this is to ensure that one valve is open while the other is

closed, and vise versa.

DATA ACQUISITION
The electrical equipment and devices that send and receive data from the

tribometer have been installed in an electrically shielded metal box.

These devices

compute the information sent to it from the sensors or mechanical components in the

tribometer and pass it along to the computer for compilation, further analyses, and
computation of the results. Figure A. 12 shows a schematic representation of this flow of

information.
Legend
1.

2.
3.

Computer
Turbotronic
Load Cell signal
indicator
NI CB-50
terminal
NI SC-2062 8
channel relay
NI SC-2050
cable adapter

7.
8.

Soloist
Vacuum Gauge
Controller
Quadra-Chek 100
10. Humiscan
Humidity
Transmitter
Motor
Humidity sensor

Figure A. 12 Schematic diagram of the wiring for the tribometers data acquisition

components and control equipment
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The Turbotronic, labeled as 2 in the figure, is an electrical frequency converter
used to drive the turbomolecular pump. The supply voltage can be monitored by the
computer and is connected to one of the communication ports. The device labeled as 3 is

the load cell signal conditioner-indicator. This device computes force being applied to
the load cell transducer. The load cell can also be calibrated through this device by

zeroing the readout when there is no intentional force on the load cell. The output of the
load cell signal conditioner-indicator is connected to a National Instruments CB-50
connector block, shown as component 4. Next to it is the National Instruments SC-2062

8 channel relay board where all thee computer manipulated mechanical devices are
connected as was shown in Figure A.ll. As mentioned earlier, this relay board allows
many of the electromechanical devices on the tribometer to be controlled via the
computer interface. The CB-50 connecter block and the SC-2062 8 channel relay both

have cables that connect them to a National Instruments SC-2050 adapter board, device 6

in the figure. This device can send information from multiple devices to a single cable
sending it to a data acquisition device installed in the computer. The data acquisition

card installed in the computer was a National Instruments model AT-MI0-16DE.

The device labeled as 7 in Figure A. 12 is Aerotech’s Soloist. This is a position
controller and servo amplifier for the tribometers motor. Both of the cables from the

motor, part 11 in the figure, are connected to this device. Connecting this device with the
computer was done with a standard USB cable.

The controller box labeled as 8 is

vacuum gauge controller. This controller collects and displays the pressure readings
from the three different pressure sensors installed on the tribometer. This controller

interfaces with the computer via a communications port to relay the pressure information.
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Component number 9 in the figure is the Quadra-Chek 100. The Quadra-Chek 100 is a
digital readout system for performing the 2 axis measurements of the directional slides.
This device is connected to the computer via a communications port. This allows the

computer receive information about where the contact point is located on the sample in

order to calculate other information. Finally the device labeled 10 in the figure is a
Humiscan humidity transmitter. This transmitter can measure relative humidity as well

as temperature via the sensor shown as part 12 and transmit that data to the computer for
further analysis.

This humidity transmitter is connected to the computer via a

communications port like the other devices.

The data transmitted to the computer from the several components in the
tribometer is analyzed using software from National Instruments. The incoming data

from the communication ports and data acquisition card are first analyzed using National

Instruments Measurement and Automation Explorer. The NI hardware and software was

configured using this program. This program also provided the ability to create, edit

channels, tasks, interfaces, and virtual instruments. System diagnostics could also be
performed through this program.

To operate, manipulate incoming and outgoing data, and to calculate and display

the results in a user-friendly manner, the National Instruments program Labview was
used. The Labview code was created to execute in a sequence format. There are a series

of frames and Labview executes them in order, there are a total of nine frames. The first
frame has a code in it that initializes all the components connected to the SC-2062 relay

board. It makes sure all the appropriate valves are closed and all the mechanical devices
are turned off. The next frame initializes the Soloist for the motor control. It resets and
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enables the Soloist. The next frame is for a motor warm up. It will ask the user if it is the

first friction test of the day, if the user responds no then the program proceeds, but if the
user says yes, it will be asked if they would like to run a motor warm up. The next frame
is for the user to input all the data for that particular friction test. The material type,
operator, saving directory and all the desired parameters for testing can be inputted here.

The next frame makes a speed calculation for the motor depending on the input rpm’s

and the location of the contact point on the testing sample. Depending on the inputs from
the data entry frame, the next frame prepares the chamber for testing. Any desired level
of humidity, nitrogen gas, or vacuum environment will be prepared at this point before
testing begins.

The next frame is for running the friction test based on the input

parameters. This frame takes all the information it has been given and calculates the
friction as a function of time. Any of the parameters can be changed or turned off from
this frame. If there are any changes in the system, this frame will recalculate and update

the values. For example, if the humidity falls below the acceptable operating condition,
it will be turned back on until the desired level is met. The next and second to last frame

is for the end of the test when the chamber needs to be reset. This part of the program
will allow the system to cycle through until it has been exhausted of all the humidity or

foreign gas that has been induced upon it. Also in this frame the motor is told to stop.

Finally the last frame is to close all the valves that may have been opened during testing
and turn off all the components such as the humidifier or fan.
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APPENDIX B
OPERATING MANUAL FOR CLIMATE TRIBOMETER

PREPARING SAMPLE
It is good practice to handle the sample, and pin with either gloved hands or
tweezers. This will help to keep oils on your hands from contaminating the sample and

possibly affecting the results of the test.
LOADING SAMPLE
The sample is loaded by taking the entire sample holder unit of the mount that is
rigidly connected to the Ferro-fluidic shaft. Then unscrew the three cap head screws on
the bottom of the sample holder’s base that connects it to the sample holder top as seen in

Figure B.l. Once the base is removed the sample can be placed into the sample holder’s
top, the sample will catch on a small lip at the edge of the sample holder. The side of the
sample to be tested must be facing away from the base.

Center

Figure B.l Schematic for loading the sample
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Loosen the center screw in the base, and reattach the base to the top by tightening
the three cap head screws. On both the sample holder base and sample holder bottom

there are reference lines on the edges of each peace that needs to be aligned when put
back together. Then tighten the center screw to hold the sample in place by pressing it

against the lip. The sample is now loaded and can be placed back onto the mount. The
mount and the sample holder unit also have reference marks that need to be aligned.

INSTALLING PIN

The pin is loaded by unscrewing the pin plunger from the pin base as seen in
Figure B.2. Place the metal sphere into the pin base and screw the pin plunger back into
the pin base; this should be only finger tight. Now place the pin holder into the tone arm

and tighten the lock screw.

ZEROING TRANSDUCER

The force transducer is zeroed by making sure there is no force on the load cell

and that it is in its normal operating position. The tone arm should not be in contact with
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it. Now on the force transducer use a small screw driver to turn the small screw labeled
‘zero’ until the display reads zero as seen in Figure B.3.

Turn to calibrate

Figure B.3 Force transducer zeroed

SETTING PIN HEIGHT

The pin height is set by moving the Z slide up or down until the digital readout for
the Z slide reads zero. This will ensure that the load is being applied perpendicularly to
the sample being tested.

SETTING RADIUS
The radius of the tack is set by moving the X slide left or right to the desired
radius for the test. To calibrate this adjustment, move the pin around using the X slide

while the motor is running. When the force transducer displays zero as an output, the pin
will be directly over the center of the sample. Zero the position control by pressing the

tear button next to the X readout. Any distance now moved from the center will now be
the radius of the traveling pin. The radius will be shown on the digital readout for the X
slide on the position controller and the codes main screen.
APPLYING LOADS
Apply the normal load by sliding any of the four desired weight over the pin

plunger see Figure B.4.
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Pin Plunger

Figure B.4 Weights and how to install them

EXECUTING THE TEST
To start the test, the labview code needs to be loaded. To do this go to My

PC>Local Disk (C:)>Aerotech>Soloist>Bin>l. Climate Tribometer VUD-BD
Once the front panel pops up, click on the white arrow in the upper left hand

comer to run this program. Wait for a few seconds and then the VI subprogram called

‘The Motor Warm-up VUD.vi’ will display a pop-up window. This VI gives you the

option to warm up the motor or not. Follow the directions according to need.

There will be a prompt that will show up reminding the user to remove the pin

from the sample if they are running a motor warm up. Press ‘OK’ and proceed. Allow
the motor to run for desired amount of time. Once finished warming up the motor press

‘skip’. Another prompt will show up asking you to zero sensotec and load the sample.
Do this as discussed before. A data entry menu will show up allowing the user to enter
all the specific variables that will use in this test such as weight of the normal load,
rotational speed, the directory to save the data in, or any environmental conditions

wanted. A picture of this prompt can be seen in Figure B.5
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Figure B.5 Labview program data entry menu

The program running is shown in Figure B.6. The white line is the calculated
coefficient of friction and the red line is an average point value of the coefficient of

friction. The green line is the measured value for the percent humidity in the chamber.
The several controllable variables can be seen at the top of the program. The relative
humidity in the chamber and the speed of the motor can be changed on the fly while the
test is running.
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Figure B.6 Labview program while testing
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APPENDIX C

2-D DRAWINGS OF MACHINED PARTS
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